US010803574B2

12 United States Patent (10) Patent No.: US 10,803,574 B2

Kirschenman 45) Date of Patent: Oct. 13, 2020
(54) INLINE X-RAY MEASUREMENT (58) Field of Classification Search
APPARATUS AND METHOD CPC .. GO6T 7/0004; GOIN 23/223; GOIN 23/046:

_ _ GOIN 23/18; GOIN 2223/419;
(71) Applicant: Illinois Tool Works, Inc., Glenview, IL

(US) (Continued)
(72) Inventor: Mark B. Kirschenman, Glenview, IL (56) References Cited
(US)

U.S. PATENT DOCUMENTS

(73) Assignee: Illinois Tool Works Inc., Glenview, IL 4.803.639 A 2/1980 Steele of al.

(US) 5615244 A 5/1997 Dykster et al.

(*) Notice:  Subject to any disclaimer, the term of this (Continued)

%ﬂtséf(l:t llssi?at;ﬂg;dz or ggly‘;sted under 35 FOREIGN PATENT DOCUMENTS

CN 103794258 5/2014
(21)  Appl. No.: 15/740,369 CN 104459756 3/2015
Continued
(22) PCT Filed: Jun. 10, 2016 ( )
(86) PCT No.: PCT/US2016/036922 OTHER PUBLICAITONS
§ 371 (c)(1), Office Action from counterpart Canadian Application No. 2,991,030
(2) Date: Dec. 28, 2017 dated Jul. 29, 2019, 5 pp.
Continued
(87) PCT Pub. No.: WO2017/003665 (Contimued)
PCT Pub. Date: Jan. 5, 2017 Primary Examiner — Christine S. Kim
(74) Attorney, Agent, or Firm — Shumaker & Sieflert,
(65) Prior Publication Data PA.
US 2018/0189944 Al Jul. 5, 2018
o (57) ABSTRACT

Related U.S. Application Data . . .
An X-ray inspection apparatus may comprise an X-ray

(60) Provisional application No. 62/186,792, filed on Jun. source, an x-ray detector, and a drive assembly. The drive
30, 2015. assembly may be configured to liit a part carrier such that the
part carrier 1s disengaged from a feed assembly and an object

(51)  Int. CL. mounted on the part carrier 1s positioned between the x-ray

gggjj\; 2/30/(;8 (381281) source and the x-ray detector. The feed assembly may be
_( 1) configured to feed part carriers into and out of the x-ray
(Continued) ispection apparatus. The drive assembly may be further

(52) US. ClL configured to subsequently lower the part carrier such that
CPC ....... GO06T 7/0004 (2013.01); GOIN 23/046 the part carrier 1s reengaged with the feed assembly.

(2013.01); GOIN 23/18 (2013.01);

(Conti d) 26 Clai 21 D ing Sheet
J
oo Butorrio
S ilwvar
B R T A A R g
e
Py i 3 A
e Sty e :::'Fr e
e e e
- g o oy
e 204
ik e e e o
-: /}rﬁa‘%‘iﬁﬁﬁ e 242
s A
B e e gl LS e
el i e
e
e i R i o e PN SR
v e d Fonhan
B ol el ! ! ! gt g ol i - ! ! L)
P A R R e R s --
e o 208
i ;-;ﬁﬁ;ﬁ:fﬁyﬁﬁf e R A e ) :
e e g P o R R e,
B gﬁggﬁﬁf s ﬁ-ﬁ:ﬁﬁiﬁﬁffﬁ"f‘: )
L
o A o .-'-:I:-'-:EE-.-'-:ﬁ-:p
i o
r "rr Pt
S
b
T S g
FES - ,
[P =g
E 202

i
s {0 R Pt s i

210



US 10,803,574 B2

Page 2
(51) Int. CL. FOREIGN PATENT DOCUMENTS
GOIN 23/046 (2018.01)
GOIN 23/223 (2006.01) DE 102011110109 A1l 2/2013
(52) U.S. CL DE 202012101669 Ul 10/2013
CPC ... GOIN 23/223 (2013.01); GOIN 2223/32]  EP 2654393 A2 10/2013
(2013.01); GOIN 2223/419 (2013.01); GOIN P 562249040 10/1987
2223/643 (2013.01); GOIN 2223/645 ¥ 200074856 A 3/2000
(2013.01) JP 2009139230 6/2009
. . . JP 2012225666 11/2012
(58) Field of Classification Search WO 2014082634 6/2014

CPC ....... GOIN 2223/321; GOIN 2223/643; GOIN
2223/645; GOIN 23/083
See application file for complete search history.

(56) References Cited
U.S. PATENT DOCUMENTS

3/2003 Ikeshita et al.
1/2004 Shafer

2003/0053589 Al
2004/0008814 Al

2010/0246930 Al* 9/2010 Dekker .................. GO1IN 23/04
382/141

2011/0051996 Al1* 3/2011 Gudmundson .......... GOIN 9/24
382/100

2014/0376692 Al* 12/2014 Schafer ................ GO1V 5/0016
378/57

2015/0298845 Al* 10/2015 Schmud ................ B65G 47/846
198/376

2016/0033404 Al* 2/2016 Suzuki ............... GOIN 21/3581
250/338.1

2018/0001565 Al* 1/2018 Hocker .................. B33Y 40/00
2018/0122526 Al* 5/2018 Omort .......cccceveveeeen, G21F 3/00
2018/0313772 Al* 11/2018 Yaegashi ................ GO1IN 23/18
2019/0154599 Al* 5/2019 Kaminski .............. GOIN 23/18

OTHER PUBLICATIONS

International Search Report and Written Opinion from International

Application No. PCT/US2016/036922, dated Oct. 19, 2016, 16 pp.
“GE Introduces New In-Line CT Concept and nanoCT System at
GIFA,” GE Sensing & Inspection Technologies GmbH, Issue: Aug.
2011, accessed from http:// www.ndt.net/search/docs.php3?1d=11021
&content=1.

Vollautomatische CT-Prufanlange “HeiDetect XS CT,” accessed
from http://www.erhardt-abt.de/heidetect-xs-ct.html, on Dec. 27,
2017, 2 pp.

“Inline computed tomgraphy,” Fraunhofer IIS, accessed from http://
www.l1s.fraunhofer.de/en/fI/zfp/tech/computertomographie/inline-
computertomographie.html, on Dec. 27, 2017, 3 pp.

Translation of Reasons of Refusal, from counterpart Japanese
Application No. 2017-568283, dated Jan. 16, 2020, 5 pp.

Written Amendment, and translation thereof, from counterpart Japa-

nese Application No. 2017-568283, filed Jan. 8, 2016, 9 pp.

* cited by examiner



”
= l ‘Ol
\r)
e
~
&L
O EE—
— ZA)
= NILSAS
ONISSID0Nd
JOVII
e
-
-~
&
e
s
i
P,
— 0cl m —— 801
A\ S m S
2 n
! U7
— SOT oLl —
- 701 201
S JO019313a AVYH-X 901l JO¥NOS AVYH-X

8Ll 3Ll

2:\

U.S. Patent



S. Patent ct. 13, 2020 Sheet 2 of 21 S 10.803.574 B2

100

1

' T r -
= d d A khoh ok kdoh okl hh o oh LA

e,

L] - LR TR N
o e Y ok w p d h ok e A
A R R L L k% A LAk % Lhch % LAk R %
I AT A L A A R L R A R A A ]

LY Ll
l"!-"!-‘ N ‘l"‘-“'c“a‘l"l-"! L]
.'1-‘.:1: LT AR T L

RN
WY

-
Li,'q."-
-k Wk

L I

-
I-"!-"! i."i. ‘.“.‘

*
» ch & 3
h Lk 4h N

Wt MRS

L]

1-‘1‘-'! L] l"‘-""‘q L] 1"1-"1 L R P 0
- EY - [ 9
by '\li'i-"hh*t'!‘qb-" e

LI L L | L
LI TR T RN L TN

- » ok h
LI '-"-“l.'i"-"- l.-i-'q"- - Wt
I E RN -
EE RN
Lw LI T A
AR LA L R LR
e
L] L L AT |

“h
+

r

L]
LI
e
LR N ]
= F, ‘-i"‘l,"'-t ratr

r 4
o

¥

L
LU B P L L
L LN N T N N |
ook 'l""htﬁ‘i

LAY L
I L, | LR
\:l-"-.‘h.i."'.‘i-‘i"i.‘!-‘h-‘i"."-"!-‘l'**l-‘1-' L |
sk B B LAk h kA okl kEk:E
* 3 ] )
L
e ALY
*':.h'rtH"ﬁ.'-l-

T " R AR
- % W %R OR LW

N
PR
T

rJ
-

.
"FFFFF:I':-'I:FFF
o
A

y ]

0w L
LRI W T, S
"'\ Pt S b Mt

ERCI Y LT
R I L S B N L RO N
4L m b4k oy h hdd 4L ek owddwk
LI B R I I B A - =L a d b oh kA
LR B 4 4 kA hoh A - ok Fhoh ok rh oA
4 4 LA [ Y 4 Lk ko Ak

ii'a!4!%!‘4#'1‘1-44‘1.!11*'4‘1-4
ER LT " - T A M - -7 -
IR EE N E R R EETA A EE T A R N
COE L I B B U T B N N S N B R 4 h b ohadd o AR hhohlh LAl d hoh R d
IEEE A EEE R E E E EEE E E A E E E "
AR REREEEEEN E EE R L E E E R E R E R E EE R E E R L | ] IEEREEEEREEEE R E EEEEERE R
+ L B U N N N I N U N U N N N I N B I I B K
AT A E R AR R N I T T T T T L T L I i
L L] TR R A A W F A W W R AW R AR N R4
- Sk ) ia - W I -k a'm Fat, T e T T T Y e e "'1."':."'*
l.‘l.l -i‘-‘.‘i- ‘1111‘111111 l.L‘-i'-‘.‘l.‘l.Ji‘l.l.li"‘.‘l.‘l.‘-i 1.‘1.111'1.‘11.&'1.‘1-. '1. t‘i‘l'-‘."-‘.lqi‘-‘.lnj'i'l‘ll J‘-‘.l.-.‘l
# kb od h s h oA LI I B BE N RO IO B K N I B N U N I B N B B RN B R N R B U R NI L I I SO I R B B B B IO B SR B B BN - h Lok
A EREE R E R R R R R R R R A R L R R R E R R T e e E A e e . AR RERE R EE R A E R E R R
- [ 5 CEE BN B N N BN ST B N RS D I L N B N R B L N N R N N N I B I B R B O B I I L I L I I N B N A I I O B B B B B B B
4 4 L4 h ok ¥ Ad o d AL hhoh o+ d L e hh A h A h A d ko h Ak 4 4 B 4 d k¥ rh o hrd doh ¥ oh o+
4 A % F A 4 ¥ %A kW ¥ A k¥ I EE R EERNEEREREEEERENERERER. L | EIL L L A A % I A 4 4
T e e e A T i M T e e e N e B I S N S L e A L L R N
LT L D LN T T R T T T T B TR L L T R T D T P NN T L AL | LT T B L L DL T T PR B S PR N -
I REEEY A EEE N A EE NN EE E T EE N T N N N T N NI Fa O S Tt Tl Pl R S R A R A Rt Al R A Wt LY
] ] AR E A E R E R R R E A T E R e E Y XN IR EEREREEERE RN EE R EEERERN +
[ e T F 14 4 A ok d h Lk ohohd A CEE TR B N N S U N N N N B B U N B BB 4 4 4 A d ok 4 1 - - h bk hoh kA kA [ 1
[ T L B N N N U I I U B N N S N I B U N N B U N I N N N N I B O IO RO N B SR R N N N N B N S LR N B N B N N I A BN BOE RO B B U ) r 3
- v - LI I -+ A F b h kLA &k ok h ok ok kLA kA w ok kL A -+ K,
- + L A 4 - L S B 1 4 % % ¥4 4 L B | &€
LI - 4‘4*4 ‘1‘4111! 45 41'4."4‘4‘4‘-!."4‘!-‘1*..-"qi"i.‘ “qj-'..-q.' I-l-.li
. 1 - -‘1.11, - b 4 = & 4 - & 4+ d g & g 4 dim a3 = & p [ -y
. - NN TR HEE T A EEE T AT E N N T E E ] w b h hd h k4 bk d k Lk 44
. ] IR ARE R R] A REERAEERE R R R EER L EEEEE E E R A E R T E R ik
LI I I I ro- LI I ko hhoh LA A k4 & L dohoh ok d ok rd ok oh o kdrd o hhrh o d ko h ko b hohhFh oA
- IR R EEREE R EEE R EEE T E EE L E E E E E E E T E E L A
+ 4 A h d B ch o h F Ak h Tk ch thh h B A A kT Ak T h A T T
-i‘l-qqi‘l“Q-l-i!-l-i-ill-l-l-il-!-iiil-il-il-l-liiH-Q-li‘l--li l-“a
i =
TN 1‘!.1_1-‘ L 1.4,";-..;11";, 1-‘.'1
4 -+ - ok h 4L hh 4Lk kAL LY
4 & L I BN U N R B U B B N N U N I B U I R B B U B B B N I B B S S B [ 9
- - - * - + 4 4 ok hdd A
L T T U T NI IEEEREREE R

+ r
L] L]
b A - - - [ Y * Ak ko h
L4 4 R EEEN R E EE L I E E A EEE E E E E L E E R E E R L E Y
A EEEREI X EEE R EE R AN E R R R LI ] EE I T I ]
- - 4+
-
L
-

L] -
L

4+ % 4 & & 4 4 4% FA 4L FAFN 4 4 4 F 5 % 548 % %A F 4AFT14

b

-

L]
-
L
-
4 F %4 4 4% 4 *
LIE ) ’ * T AR EET AR RAEE TR AT AR FAE AR ET Y FAAE T
‘.'a‘-h"-'!'!
-
-
L

L
L

a4 L

S )
[

-
L
-
L -
L]
"«"-4'1‘ ""«"-11--‘-"-'!-‘-44'4-‘-.-1'4‘- LI I I TR I O T T LT
4L kh + EPL LTINS ST L LN T TN L S LA D LT B LA e LT PN
- - -
- - -
L

r

"
L]
L L I B B NE N B I R N I R BE B U B B N U B B BE NE N B B -
i b a4 = A A LU B N N B U N N N U B N NN Y
-
-

L

L]
A h LA oh ok hhhhdLh A
“oh A

1 4 4 4 4 4 + 0 4 4 4 L4 h 4+

bk od ok ok Eho kA h ok ochLd o hh Ak od ok L]
A A & 4 ¥ 14 -

a
L

-<
-

-
-
Y
+ 4 4 LY
LI | EIETE L AC K I
‘l-q'!" LEE N I
L
Mt -
- L]
4 -
o 1
L L T LT T T T T T T T L N T
AT T AT T e 1,
N EEREEE R R E E N E A ]
R IR AR ERE A EEE N E K] 9]
LI IEEEERE TR E I L
o h ok I EEEEEREEEEE RN EE RN
[ I LI A 4k okt ok LT L ) -
EL e I LI I T | LEE I IR N I e
L 0 LI L L L N L L]
PP i & q W N Ty T T i +
I E R E T EE E A E E EE E E R R R R N N ]
A EEEEEEEEEERE IR IR E LR -
IEEN EEEEEE R E N E SR E R R E R E e R E E R E R E E N R E E E ]
2T E T LT LI L)
- 4 "1 4 kT Lh ok h + LY L
EIE I N BT B | LR IER RN LI
BT LI PO T L T L T T T L T T T L L T L T L LT I T Ly
=k bk kb4 ko h hddwdh f koad bdd i hhdndt doad hi + ik -
EEN A EEE LR ENE LR EEEREREKEEERER] h W R
N IEET A EEE L E E E N E T E E R e E E - L ]
AR R E R I R E E N L E R L E E E L ] EEREELEEENEER LN x N
IR EERE R E E R E E E N E E E I E R R R ] LI ] LI R N
L] A % kA A h T A 4R A kA ¥k A % B ok W LA Ak LY LI Ll WOw MW
LR RN R R R RN RN R R N LY Ak % A 4 LRI L | LIE IR Y LI W
AT R TR F RN AR AT SRR R FAS S RN SR AN R LI I I N R A I N R I A R A I ] LI L |
‘i*i."ﬂ"t‘h‘i‘].-l].‘-‘hi‘i.‘1"1“‘i11."1.‘.l.‘i "11_i.‘l-hq_"|-1_-h1_l-_|_l-‘1*1‘.i.'_'-hii'!*-h‘_ -I.hi.‘l1.l.‘l.qi1j.-i.‘.l.‘i1j‘1.-‘l.‘h.‘i “41-“‘-‘1*'41.‘-“..1"‘1"11. .'l*l.“'l.
R EEEE EEEE N E E R E R E E N R E E E R EE E N N E E R E R E N R E E N R E E R E R E E N I N e I [ T T
IEEEEEEE R E R EE R E E E R E E E E E TR E R L E R E E R E E E T E EE T ] - e R T
ko IR EREEEEEERERERERER" IR EREEXEXER IR EEREERE N - LR
£y I EREE IR FIE IR LI A EEEEEERER] - L]
A % Lk k% %A A kT LA A LA A kT 4k *h h ok %A A kR Rk AR T T A A WA LIk
JEA N N R AN N A L L) - LI Y * A o™
AL NN ] 4 L L ) L L ) 4 L i TR L]
e - Y Lk - & 4 d ok L hh i dd ok
R ety + P LI b ot LI h,
LT LI LI R Y] ok ok h
I - BRI N - LI - LI LI
LY + b 4 k¥ + 4 h ok ok ok ok ok ko EIL I I |
L3 I I L - [N LI I LK LI N I
LR LA R A L I L AT N A
L] L LT L] L Y LIE Y e O I B Y LEE LY LN L I LY
3 "1“4,"1."4..'1. i‘q"-t‘n.iq,"i."i. i‘-l,‘-‘.‘-I.‘-i‘-i‘11‘!.‘L*i.‘i,,-l,‘-lii‘-\‘1.‘1‘L‘-i1-\1‘1.‘-|.‘iii1-\l.l.-i‘-l, "n."i"‘-l."1.-|.i-|,1'1.1'i."
. 4 Ak Lk EEETEEEREE N EE R EE T E E E E E E E R E E E E E E E EE EREERENEEE R IR
. L ERERELEEE R EE R E R L E R E E R E E R E E E E E R E E N I IEEEEEREEEEEEEEEE R EE R ]
LI I EEEEEEEEERE R EE R E R E E R E E E e E E E E R R E e E E E R T E R R E E E T E E ]
A E R EE E R E E E E E E R A E E R E E R E T d Aok hhoh W L4
- LI LT | T LA A % T T AW R LA AR TN W F T AW k%W FLA AN LI DT B L L L |
X T L L T I e e T L L T e
. - 4 Y 4 -y A Lw d ok oa
' + Ly A ] - RN ]
. LI - L] LI ] I ERENEREE ERENAT 4
' - I E EEEREEEE R N EEEE R E EE L R E R L R E R E E E N E EEE IRy 1 0
' LR LI - I EERERLEERERY - n
1 - - LI L I T kA koA * LI I LK
' L I T L A I L I | L LI I I I
o N L L N L T N T LI N -t . P x T,
R R i e i PR W T T T T R TN 1 At TN, LT RGNy *:t“'q_
I EEREEEERERENE" I E A R EE L E EE N S E ] IEN N EEEEERE T WX %
-+ - I EENEEEREER] I EEEREEE R EE R E R E R EE R N IR EEEEREEEREEEEEEEREL o x
IEEE TR REEEEEEEE IR EEREEEE EREEEE EEEREEEEE L EE E R A E EE R E E E R EE E E EE E E Y ¢
L I EE A EERE R EEE N R I EEREEE A EE EE E E RN A E LY
IR AEERNEEX X + ok 4 F 1T b k% Lk kN T LY
4 % 1 4 % W R4 A% T T AN FAA L L T A T | A 4 AW L
L N LRI 4‘4*-. LN L LY LIy -.4-_.4*-.-.1-44 1-4_.4‘4-.1-‘4
AT e T T T L T T T LTy 4 RN N IO N o “g"‘
IR E R R E E E N I ] I EEE AR EE A E R E N ek N
I EEEEEEEE R A E N - 1 - IR EEEN A EERE L EREER" W
LEREREEERE I EE E L E R E R E E e E R R R E L E R e E E - EEENEEERE I E EE N EEER e
IR E RN TR LI LI IR EERE A E RN XN K a,
L I T T e L O R T O T T T T T e T T T e T O D T T I I T T L k]
R TR A W R A A AT R A A FFAF AR LI T L D D i A4 4 F R4 A % F D F A F FA n
R R M R R ET AR RS AR AR WA R R ET AR AN E R E4 RN AR F FARE LRI N A m % % A4 4 mp L I
ol g rmdlayed gy ddleymd by = by CURE T T e D T T L I P BTN D T O | ]
I E T A EE EE N E A E N E R T Y T T e e e e T L Y N
I EEEEE R EE YR I EEEEEEE R R E R E R E E RN E E E N E E T R R T R R -
N EEEEEEEER EEREE R 4 hoh ok kA hochchdchchoh kL - P EEE TR
IEEEREEREEEE EEREE R R IEEEEEEREE T EEREE EEEE T E E R R E T E R R T E E R E E E R E E N A T E )
IEEEREREEEEREREN - L] IEE R R R EEE S E R EE R N AR LY .
LTI ] - - A A F 1 A k%L LI T e T e T + 1 4 4
L] -.-\.-.._l-."-. ‘4+lql.'l‘l-“l‘l-‘l‘l‘l.ql_‘l-‘l'..*4 l|._|I '1‘1-‘1'1 'l-q‘l.‘i.'l‘l-‘l.ql'-l.‘l‘i-‘l_‘l."a l-‘l‘l.‘l-‘!“l-qiql l|..|I
T h = 4 7 ELY La by vt dad s st ddddymgpyd ¢
NN Y N + 4 IR RN X EE T E NN EE Y e Y RN
I EEEE I EEEETR L] Y I E R EE I E E E R E E E EE E R E N
T EEERELEEEREN! -+ IEER EEREREE EE N E EEE R  kh kAR
LI - [ ERER] -k 4 h Lk och ok d LN
] L r - h vk 4k bk ok ok LA A + hh ok ok B A
TRk ok kA AR L LR R E A EE RN E LN
. L L L T L L T T e L T L L L L L L L L
b b w1 dahk L L N B T S P L P T I -
+ M EREEEAREEE A EEE E A E N T A EEEEE T Y -
N EEEEEEEREREEEREE EE R E EE E R E E E E EE R E N R
L IEEREEEEEEEEEREEE K] EEREREEEEREEER]
R EEEEREERE N IR EREEEREEREEEEEREEEERE R E EE N A E E X
4 A+ 1 A A 4 h ok ok A h L EE L T T P EIE I
LI I L L | WL A A L Y LI LI T N I a4 L
EFLTL T B U R | ‘-*q'I.‘ 'a“!-qqu'! ‘-q*q'u‘!‘-!"!q'!.‘l- ‘4"111."-&‘1*4*-&‘!* 4*q'|‘l-“l"1q-!'a
L L4 & LIS B LI L T L " ik &
2 + A § 4 FIE R S TN LEREREETEER - 4 d R At
- ol TG K ] LI - 'R
Ak kA ok - LI - EERELEREK LI L) LI ]
4 4 Y + 4 - ok ok ok kA LI Y 4 4 LI -
IEENEE R T N L IEERELEERE LA EEE LI N |
LI LK LI B L N I L) - * LI LI | LIt
" T Wt L L L TR R L L
. e "R T - 7 % L L LN - 7 % - o, R LI LI LY - LR ] L L
(Y A AR RN E Y T N W] R O T T I L T T T R e T T o T R I L T T T T o T e T e
Vo T m I EREET EE E A EE EE E E E T A E R E E N E E R E R E T A E E E R E N A EE N EEN EE TR
. Ca I EEEEREEE EE N EEE R ERE R EEEREEEEE EEE E R E E I E R E E R R E E E E R E E R R E E  E E E R E E R E ]
. R EREEEEEE R E R EE R E E R E ] I EEEEEREEEERE N ERE R RE R A+ h ok ok A - [ | IREEEEEEERERER]
. L] IEE I EEEE E EE R A R E R E E E e E E E E E E N e E T E R R e E E E E  E E E T E e L E T  E E A
L Y L4 A+ h A A A LA d IR X I EEEELEREER TR
"R A A W WA FAA WAL YA AN A A W N R AW R AR W R AT RN A A h W FT AW T ochW LA
EIL T I T T T T T Y L T T LT I N |
md g perals ek yE gy " R AT R RN PT a h 3 m L | * 2k 3 my LI L]
» I NN N NN E R I N
- IR EEEEEE R E IR EE RN R Lk ok
LI - - I EE N A EE E R E R N I EEEREENER LI
L4 o4 4 L EEREEREEREE R EREE N E EE R EE RN E EE T "
-k LIS IR I EERE I EEE LI EEE I E N IERELEREX -
- L N R A% k4 hh T A | L L LI ]
LS , * %A 4%+ A LI I Ll L] L] Ll
4oh oy rot 1A LI LILTE S L I R R A A R R A A R R AR R EAT R R EAEREETN S AET A AR ETT E R AN N R LI
LI LI e L] h by e daymd gy kA s P h daqgydnhprdy by i LR LU N I T *om o= LI
LA - . Y 404 AN AN E R T A N ERNEEAREE N A S EEE E N N E NN + a d L
IR - i e d + IR EREEE R E E N E T E R E ] IEEENEEEEEEEEEEE RN EEEER" I EEEEERE NN 4l ol
L] [ A R EEEEE N EE E E R E R E E R E R R E E E E E E R E LR R E E R E E E E R E R R E R EE E R E E R E E E R E L] n
1 ' EI IEEREEEEREEEEEEEE REEEE EEE R EEE TR I I kY IEEEEEEREEEEREEE R -k koA IEEEEEREEN o
1 e P IEEREREEERN] EEREEE A EEEEEEE R EEEE EE R E N T E E E E E E N R E R E E E E R E L E R E "
- - N IR E LT E R R LR R R E LI IEEREEREE >
- EEE T e DI T I A T | LI ) A4 % U R A A R T AR M A %R R AR REA RN FA AT R FARA RS AT 1A%
o L 1-_.4*-. -._-:1411.1-4‘4-.-.l-‘4-1.-.1-..1-_.4*-.-.1-‘1.*4-.!-11-.-.11- l*-.-.ll-"!i-.-.!-‘_q - 1._-...1-‘4*-.-.!441.-.‘_-:_‘4*-.-.1-1.41. x5
I . e e T e et T T T P L i * L L L L L AT N "*‘.t"'q_
I [N MM EREEETE R R E N R R E A E N RN AR EE R E R E N E R ] LA
' IEEREERE R IEEREEEEEEEE LR IR . - Ak ko h koA IIEIENREIENE o &
. IEEEEEREEEEEREER L LI L IENLEEERELEER! EERE LR IEEEEENLEYF « nxn
. EIE I R I - - LK ok L] K] LI Y LI ] EERIENEE 3
. 44 % %A - Ll A % A A A LA ARt A A A F R A kA FhAd TR A h% T hchoch N A L] n e,
: 1 '-!q'a"!‘-!“q1 » 1-41“‘1-‘1'!. 1-‘1- qqlu !"«‘4‘1"«‘!“‘141“1“‘! 1‘1-‘1-‘1-"1‘1‘1-1-1-4'1-‘1-‘ o ﬂ_'-l:‘t..'
. ik Lo - =k ik & Lk &
. "J"'l.qa."a_"aaa. 4 a.'a"a I.J.‘J.-‘."‘J I..‘J..'J.-‘J I.J.J.“.]JJ.*J.'J"J I.ql..‘l_“‘ddl.*].'l.-‘l I.‘J.‘J.l“l ._'q_‘-q_‘-qtiuq_‘
' L Y IEE EEE N R E E R E E E E N E E R R E E E N E ER N - s
s A K2+ EEEREEEEEEEEE R E R E E E R A R E R R E R e R E L R E R E E E E E R E E R L R E L R E E e E E E ] n =
L R E A R] IR E R ERE EE E E R E E R R E R E E E N E E L] I EREEERN TR [ EREEAEEREEERREY v 8 0 ¢
P IR ERE R EE I EEEE R E E L E E E R R E E R L E E EE R R E E R E R E L R E R E A E EE N E E E R EEREEN ot o ]
v LI L L L L | IR R LA A E A R A A A T E A E L RN RN - =« "
+a WA A W R A A N W R A A N R T AN N R kR F A m R & g% A N F R NN E A AN R A RN RN AR LA NN FA AN RS n 5
L LIC I T A LT LT O B & L BT L LI O O EFLTL TR T T T N | g il
. - . ch s adygm ey byl sy d Fold g pddly f ypdalk i 4 EEE O ST AN 4 K W,
L oa M EEN T EE N E R TN + T A Y EEEEEE R E R K N N NN C i N
P I I E R E R L R E - ol EEEEEEEE TR EIE TR ] = gl e
s a AR EEREEEEEN Y I ER N L A EEEAEERE X IR IEEEEEEREN: -5 W W)
] IR EE N E R I EE E N E E EE A E N - I EREEEE R A EE R E I R E R A E E N RN n K A W N
e 4 4 F B h ok oh F ok och A4 4 LA okt - A d + 4 Ak kA h h okt Ak Ak kA4 RN EEERE + n nx 'y n
o IR NN RN R IR EE R E RN N IE LI IR 4 W
L] LT I N L L L L T T L PLAC L L L UL N L AL T L L T T L L L L Mo L L —“"‘"‘ 1‘_1."!1
Lk i LI = kb d dmoywdm by dhm + LN+ 4 Lk Ay LBE TR R L W
+ A EEEEE EE A E E N E LI E E T A E N EE E R N R Y N EE RN EEEEE EEREEEEREY ~ 444 b x
M EEEEEEEEEE E R R T E E E R E R R E E E E E E R E E E R E E E E E E E R E E E E E E E E E R E E E R E E A EREN - a0
IR EEEEEE EE R E E R R E R EE E E E R ] LK | B
EEEEREEEEEEEEE X EEEXN] IR = 's e
IR E LR E L E R E A R E R E R e E R R R E E R E Nl A E 41 E
IR R L R L A E L R R L N R R LR IR LIS & n x

T e e T T T e T e e T T T T T T e e T e T e B P e P T T I L T T & o o, W

1

FIG. 2



US 10,803,574 B2

Sheet 3 of 21

Oct. 13, 2020

U.S. Patent

¢ Ol

'l."-hi.ti.‘i" ¥
LY

*

&
r

m ko kg d
-

-

.
"1-
LI

L]
Lk
1ii|
&
11_‘

L .
LN N N N N N W
'...__..... .._...__.__.:_l:..___.__.!..__.ta..._.t.l:__..:.___ h
- u..._..l_ » F

4 #
+ b A
Llh.ﬁh.—‘.‘.

k
LA
& ety
L

-
L]

rra. o o d -
d b rrrd s bpd dhdr g

LN D RE N o L DL R O N
+4+1‘.¥h.r.__-1+1.+¥h.‘l_..14

'
“h
L]

o
'!“'F

F
a

&

’ )
. L
F %&1 ' . ’ por t.t_.&“ 1-_...1....
" W ' : e e e 0
o : - ; : ; il AL . e -.u;.nnttutu.._”_ ::.tn:.lutr.-
e e e

_"a
*
+

-
-k

b ]
L)

- b - -
L IR O N N S R N
.'...'J_Ht_.._*___.__.m..mnwu..‘_.._._...__mwm

-.‘.1

4

4
i N

I"'||-
‘i-
]
L
'

&
L]

-

&
L ]

L]
L]
#“hh
h'!

&
L]
&
r

r
” “.x. , , .
- » r - oA oo ' 1
Foror. LI N 3 b N D S T I Y 3 ...-t.ll.‘\‘.t.tﬂﬂ.?}.! '
. . o

Tttty e T, . p W R N I, : RN

s P R i s o R Yy o S A
. ll.n.lﬂ - l.‘- u .

L
)
L]

a4 m A
d s h 4 4
.T._.s.‘.‘. __._..;.__.

ok
NN
-
LA
L]

Fa . .
oo Py ! . . d T
oo bt e FaT 7/ ] A WA
ral o« L L
N e
e

o F R
n.._.Hh. L4 | -.l.l.-h.u..l
- + - o, o » . ) o " T
- ¥ g ...m__u-.l.._.._._.u..-.n-.......#:_ln_...#ut.._n:.t Py " d [l ol gt ot ot gt
x F 4 - W e e T e e . # ] .,t..:._.._..._..___."...t...._.t:.tt._._.ruﬂut ]

A N N A O e N e gl g s

“l.
‘-i.
-

LR SN

Hou Ny . X L Nl g

n
L]
LR
L ]

L L P
LU AL
Wt

&y
*
&

L]
-

b ]
My

r d - . - ’ . '
1.._4 4 . y et ¥ 4 o :...__;...u_...._...__.___:.:.._.:.__.__..___ta..___._..:...__t._.::..__.tu_....... u._.:..___.__. ttu...__.__.:.:.__.:..._.:.-.._.tu.......__..__.:_._.:..__H..___“a..“___.“.._.Ha.itﬂﬂiiutnxuﬂu:ﬂaﬂlﬂﬂu “..__ r
wr o o o
*, e ltuu.ulunut ll.“.n. T tlul y “1“..._ »
o o - Ly
e L-.-..._.-_.u.lll.-.n._._ln
._U____..-_ e W
1“_11U...__H:_“:."..__Ht.“_“...ﬂ:.u._.“.._.“._..M._.:_...ﬂ:.“:.u.__ﬂtﬁ:..ut“tuﬂ:r._.. . ..n._.&tttﬂ!ﬂ:ﬂt“ﬁﬂ:.ﬂ:ﬂ:ﬂtﬂta .._:.:__...._
i 4 A e W o .ll.__.qlt.l_.___l.lu__.

L 1 e
e - ) x L O ]
x o .-...nﬂt" x o l.-_..u.t“l-

-

” ) o o
e . o e e e T,
1111t4_\t.._:__..._.._.11.._1_..-.t.&.:.:_1:._.uu..._‘_‘.-_.._.uu.._-.t.__._.._..__.u‘.____:_.._.t P

¥

I
n

L

&

.
4%
L
L]
L]
1.1-
T

,

.'a

L ]
1
L

L
L]
-
LA
LY

&

. PR R

T n”._nu.u.-_tllutl.-.“_lu-._.. e l.tu.._.“.r )
s ._._..1.11‘.1..1_..1

-.:tﬁhttq:...u:tﬂt-.:ﬂ.-.:ﬂitﬂ :.:..._.-.“

AN L W

; ]

N

&
LN T |
bhb.i.*ii LR
*

o

LI S S I

n-_.
o
L e e ltw )
N Lt 'y o : Ll b gt ol ol
AN N N W W N N e 7 FA el
_..._...._...._:.._.._.“._:_I.t.ﬂtt..___.tt._. F 1 L
2.1-..1:........1....1.. i N o E

A

o o

4
4
L

how
n'.h.'hhit#“_i. L]
+

i:i.:i.:i.:1:11

i L N N

‘ia

-

*

"l.
\ 4
-
.
L |
*

k
-
L]
L
L L
Y
+ &k

LI A T

|
L]
I

*

+ t

o

» o a

o T T : ¥ 1&114.1!&‘&141:111:‘..:* .._u..1:.-__...J.__ﬂ_.-_u_l:.t...it-r..._..__.#...:ﬂl...

N R I e el e i i gl
T W A L a a

e
"hhn.i
+
€L
*
- kW

&
b ]

]
]
o o o » o -

1WA o x o .-...-.I. lll-_.li_.u..llll.t. Illll..-_..-..l -
e T a_.t..______.u.._.._. .__._.._.#u__.___._-.::.t‘.::.._.tﬁ e ._.-_.u__.___._-.:_..t‘.:___.:iﬂm___ttt o
' t.;_.u_._._._..____.__..._. ._.._..._...a._.._..:. i k] K :.....tu____..t..___..:....._. J N ___..__..u_..u__.._.._._..__...
x l___...___.-__ e F 4 L

i
)

L
)

&
'

- .__.q-..._..._.._
1.‘ ‘..—_11.....‘
[ * 4 A e

o L
a4 &

i.‘il-l“
SN
LU
-

4
-k

L & &
™,

.
¥
]

4
-
-

'
-

T
o,

]
-

L]
4
]
*
+
]
[ 5
LR
r
LS
i,

L
4+
-
k

o

&
L
&
r

-
L3
-
&

LR N |
*

LI ]
a4

vy,
"

"
‘l‘“
LI
"' L]
P

NN
L]
n

N

T
1 o w o LI o ow ol
E N LW T+ WO ool
T LE L o nC L ] " LR i
W e A W : A e
P Al et ’

N
r
+
-
4
L ]

LT I N |
m,
W,

- f L rrrs
iﬂf.....ﬁ.. e
L |

-
b
-

"

L]
L T T
l.-i.*'l-

- kW
L
-
iy
'

LT UL I R
Y

L T M |
-
i
T 4 4 L]
l."‘*.l.l .

*

r
!

T
4 Ak

i

ty
1.-1."'1.1.1..

o

r

LR AN

L]

L]

n

"
ok

AW bk ok

L R B L B )

LI T B |

R T PR W RN
L N
&
'

P A

F
a ]
£ roe rr

- & . *
- .1.-1.—_1 ..._......-.‘ - P r
LI I | 4 r.d
g __.111.‘...‘_...- . 4 44
Car F] ]

oy

+
[
-
ook
U
AL
ik

L S 9K ]
L3 I S U
A k&
‘1

Y
“l.

-

L3

i 4 &k 4
L]

N
oy
N
*‘i"l-"!
¢:¢:+
" '-'.h

l.._-.ll o - L

W e o g F - sy -

L o oy 3 Woat el o o + { L A ] 3 L

).wﬂ._...._.._..__.._._.._ru..__....._.____.._.t ol ....._..._11...:...._...._.___.“._ - ! i ..__Hu. M o

3 ' :l-_...___.- I oy e R j c 3 3 L £ W - j L T
.l"n..ni..!l F 3 Ty

=
L
-
LN
LI

*
M
*
*

&
ii-.
:i:ia L]
L
N
1,4

1
-

:..H:.Htﬂ:
.n1"n l-__ l.___ [y
Pt

LI
L

Y

W

- i
ok h -
Attt
-
"'h.ql
*

1-‘"1

-

+
-

-
!"i."i-"w-
L

ko m ek
4

: 4 ot o ol ol al at
o . J 4 o o e
J_._-.-_ Ay Y t-_ﬂ.n.nn: M o N i M

[
DR
* 1‘!. - W
* = o
1..1‘1

+
L}

L
Dl

MR

L]
-

" o Lty
ol . o )y o e
e e ..&._..1-_ e oty o o 1&111.:1.11!... o
.t...i.._..:.tt._.'ﬂ._.t.tu.lt._._..‘.._.:. o .__.‘.:_._.:.‘ﬂ.__..._.u.._..‘.t...._. J J e T T ._.-_t‘._..___ﬂ..__..__..__.._..._.._.-_.:.‘.._._.. W e ; .__..__...._.J_...___._.1._.u._..__H.__..u_:........_.._._._.:..__..._.1.__..Lx._..___..t...:...__._..._tu...tt._.:....:.‘.ﬂ.._ﬂtﬂ..
g : s | WX !
ey ._..:..__.___l.___.HnH.._.n_.__.._.___.__.!____ NP AN . ..___.__________..__.t_._. .__t.t.n”_..-_._____.___.__ ; NN N Fou A A

e
LR T
LI

4
[ |

*
i.‘ﬁ

[
qunuwnw
wheTety

|
Y

[ 9

L]
L]
N
o
"
"

L

R
»
py ll-_-..“._u A

R e e
e -.:.t¢ .n:.______.“ ____._..___._.._...__.._..._.r_... :_..._..__..._..__ o
oo ey l.llll.-_..-..-_..._.-.

e
L
"y,
"
"

Ty
L oo o o

W . ..._._..._.1._.‘____.__“ . M, r.._._._..__. " J._.1._.‘_:.#‘_.1:.1._.:.:.1:.:.._.t.1u_:.:.._.:“.__

WO ol Ll gt T Sl
e e e e o o ar i o
o oo e e e

o« RN K o
)

'

i
A
.-_:.1-__11_..._.-.-.:____.#1111._%-.-_
Wi J o N A
N W
L“t..nﬂ_._.___.___ e Yl e

l.ll .l.
l.l. l u\i\. l
e

gl plal

L e M L
NN
L] 1-’1

1.."'1.1" b
Lh kW

N
L
[y

L] ih:'._l‘_'w-t-r.
+ W
:u
b
-
LU )
ALY
-
L] 'I"'l" -
L1
L L}
L B, M |
1."1."'1.‘
L}

b
L]

-
L]
-

L N A A TN N e
i w®%m

E il T e e e e e e S i e S e e e L P i Sl e = P
L]

4
"'!
Yy

I.-_.I.:.l..-.. . I.!.I.l.l..-..i...“”&.“l“ .ll.llll.l..-..lll.

L]
]
-
L]

l I..l.l.ll
oo
:.t.l.l%..t.l.l.l.l.i.‘.a_..._. J‘.ll_l_t.n_:_ltl‘.t.l..ﬂﬁll.

b}
4
-

I ’ U e N N R R

R A ) e T

« .__.q..__. .twn L ; Ly __.u“.u_n.__..._ MM X e
| .l..

LT |
hod o w o
o by
o+
LI LT
_1-'._1-‘.*-*
ek
|
LI

; o e
‘.“..._u._ o e e
) . e - o ntntu_u..tn.__ﬂ_u.
ol S . . 2 L i e A W
.1:::.:1..:_“.__._:_1:.#ﬁ..:._.tt...¢_._ ] ) .__._.:_..___.__...__..._L..: o WP K W NN NN W W N A W
R N A N N R N e o W . 4 AN A r W A g N e A e
Tt T Y u e ¥ o ¥ o j Wy )

[ 9

e
v T i
e e
o -...lelll...l-. ...;..__..u..-__._"
e R
u._.._._.__._h._.._..__._.t::ﬁ._.____
AT
. . ]
- i o

s
b '!hi-"

.n.tu..

¥ : o

Mo A . o A

L ) . | ..__lu:____.:. L
M j T e A

L]
-
=
iy
o
-
*

h-:-l-
40

P Y
L A
LI ]
Foty

- o
Ly g L
o W N W :.._.t_n___ﬂ:.___.._.u..___.
i e Ll L o o )

L .i..ﬂ}.l:_.!t.lt.!.t.ha_. "._..nt.-__.....___.__l!.-__..._..u___..__..-.:_ Ly

b
- i.ii

| o

E O L N Ll

b W W AW A
rL W A o o !ll...ﬂ.....!.ﬂ..lli_.___

o
-
L
4
L
L]
'r-i--i

a
U\...__
L oW W LA
.._....__t:_t.__.:“.__.:.".__l___.:.__._t t..__.:.!.t...__...__...__. t.__.:..__.:.-_":. A NN
F l-_ o w af o
S

L]
Y
k
-
-
-

-

B AL x kR R & T
LI
-

F 1T FRF Y oa
4
4

Y
“h“
LN ]
T 6w
'-"h

o o o
A
& M MoE e W
i :_.._..._.__._...__..___.__r_;..-...__..._.:.
7 /
L l.___ ll ll o

1:l.
I
L
10
'-"a"

-
L]
L 3

koo

]
-
= h "R WL

*

[ 5

‘li.
“b

L L
L

l..
-ﬂ. - . . H—
E i N ) | JE 3K J . . A [ N
Mo ¢ [ 3 r - F - x4 EF A A A [
A ..__...__..__.u_...:.:..__.:..__..-.._.&..__.:..._.... ) ; X : ¢ 4 Lo * N e T ™
S At Rl ' o] / . o W ) h” R
i o F

LR

o ; .I.l.l.l.!. o

!. !.I. _-.

.:._1: .-_.Hr.l.t.t. :.it..l.l.l.‘.t.t..._.:.l.l:..u.l‘.ll.

Ei e WO N WOl N e W W

..__..______ L ir M E t.lt.ﬂ..-ﬁ:_...:.:_.__l:.-t.n:_:_l:_t
F Frewssox

Foar
W
Lo el el ol ol ol
.
W KK NN

l\l..ll I..-_..-_.:.l .ll I.l..-_._\._..ll l-
.._.‘.ti:tﬂtiuiittﬂtﬂﬂﬂtittttn W o 1.__‘...__..-_.___!....1:.._.:.‘_1:.:.....1 :._._.‘.._.u.._.___.#.:.._u...n.:.:.:.-_“.
W :.!...__u__...__.l_.___:. .t..-_____.t}_ttl_.__ t.l r 1_.._____...__:._.__:.:. E

L A F o

-
w !
ullutt“.lutulultnﬂtntululu
o o o oo
._.._“uuln.__‘.-_. e
Sl ok gl o o ol b ne il al a ah
NN A A W e W e e e W
W

L

- .
NN
i.l‘l
.
2t e
LA -i.ilil

e A A il A
P ¥
>, _n.___..l._lu.-.___n.ﬂ:.lt T t____”_____ A N

' .n..-_. _-._I o .-.-..1._.. ._...._.-_
R ol g
oL -
1._...‘._. ....._.
it .
e s e o
-+ A o

.
L]




US 10,803,574 B2

Sheet 4 of 21

Oct. 13, 2020

U.S. Patent

¥ Old

H ¥ HE I I ECE EAECENA N AT NS+ EINEFEEIEESEIESEEIECEELCI ECE N4 R EY R4 0 AN+ 0 B3N FEES+EECJd EH+E I AN A CE N4 AT N+ I N FEEI N FJdEAEEI ECE ESd ECE NAECI R+ A B+ RANECI NA N FJdES+EEI ECE AL N4 AT B0 Y N FEEI N FJdESEFJdESFETIEBAEECE EAECY B+ A I +0 A3 EECE AN NI N FE NS FE EN4AFECSY EAE Y B+ B+ N CHEH G N Fda B+ B4 0 0 A ECE EA AN ECE AT ECEE AN FE AT N NI NN NI N EE EAEECIT E4AEF 1

..-.ﬂnl FI EEECEIEECE B4 B CJA NN FJdESFEEFR H.ulﬂ“ II." %" 4+ B NI FEEENSFEEE RESAE FIESEFIESEESFEEDCDYT RSN E]EENE EYNEER RS EES ESE FJAESEESFEEDE N SE BEYT ESE B EEEESEEIRSE FJdESE FJdESE FINEEYT ESFEEIEEE N EEE ESAFEEAaESE FdESHE ETSFECDCE ESFEEYIEFE EAEFEE SFEEANESE FSEFSEE SN DE RS DY ESSE R FEEIEDEESE FJdESE FJdESEFIEEIESFEEI NS ESFEDEEIEESAa RS E DI NDE FIEGEE ESfEEYESE EINEE R EEEESTYEED “-
.\.n...r. " i
ol b ;
; l.w "l ‘. 1
¢ S ; ;
’ LA C AL LE ST ER LR L O LS AL AL E L E LG L SR E G B A E LG L EA P E LT E A E L LR G F GG LE LA AT A E A EE S ELE G L E LT G E L ARG LG TL R EA O S AL E LSO LGS L LR AL EL A G LR OGS L A AL E A E S EL L LS L AP SO d A A8 d 'S L
Py u_, "” &
. pl " 4
A ‘. " ’
f. i "u __._"
1 l—. -I
' : " /
e p " A
H ‘. “ ¢
£ p . 4
' R SN g ¢
f. N R . .
1 " ) -_—. e i
r. Hn.f e . ’
_._._. - . - _-” ._" “
r. - -7 . : l—. “r A
1,. ‘_ 'I ‘
e " " 4
r ot w ’
. o " ’
“, o " “
r. p . .
1_ -—. -I ‘
g p " 4
4 . o ’
£ o " *
1_ ‘_ 'I ‘
g p . 4
h . v -
£ o " ’
1,. ‘—. 1' ‘
2 . . ;
3 . i :
. p . A
r . . -
F. o " *
1_ l_ 'I ‘
. " " 4
4 . : /
F . " ’
4 . . A
3 ‘i w ¢
. ! " 4
r . o ?
£ . Iy
2 v ¢
4 : " 7
. . 0 -
e o " ’
1,. ‘_ 1' ‘
4 o " 4
3 . 0 ¢
. o " ’
_n_ . " u__.
1_ L i—. “-. H‘
’ . . ’
b . 0 ’
. p ' ’
1—. ‘_ 'I ‘
b . w ’ _
. p " 4
. . -
.1... F u ‘.
r. p ". “.. - .
’ . . ’ Y=
: : : ’ K4
A ___ b ,
. ‘ » ’
1._ l—_ [ ] ‘.
’ p . 4
’ . . /
' ‘ " %
. e . 4
r . ." z
F. o ' *
1_ ‘—. 'I ‘
g o " 4
. ¢ 0 N N ’
! " " o ;
‘" . " /
: J— :
. ; = 2
r. o " “
f. ’ .,
1_ ‘—. 1! “
. p " A
h . v -
F. o " ;
1,. ‘_ 1' ‘
4 o " 4
b - o ’
4 -, . 4
: . -
1._ F [ ] ‘.
F. . " Iy
F L " +
. ! " 4
r. . o ’
s o " ’
1.. ﬁ_ 'I ‘
4 p . 4
H . “
: ; : A
m__u. . " ’
“... LR L E L Y L LY Py r “___.
. B e B g g g g S S S Y St
Z % "" ;
I . . ’
" /
.U..u'..—... '.I. -l 't
T T £
B s S S S S S R g S g S S S S T S S S S S S S SR A S S W S Y R SR SRy .

. j..u._...,mqt!“‘.ﬂ.. ot
- v
. “wd : )

001 \




W W S W
"r._.ﬂqq-. _r“...h-.-.______
N“\N s v!wﬁ,.m..
i Y, -
A F

¥

SIS ..#

it

P
3

4
.#
L}
K

h':'"h

v

,..u-___._r

:f...,.;.,.....'...*=,.*...‘.'...‘r‘.‘...1..r..‘...t.uuu1;.-
- L |

US 10,803,574 B2

N

“u

L] UL RE U L N S R N N T N T T N P N T R T R R I B T R R R

e Mu.}”..w_.\._,
T e ol e

L LR TN L B L W

Y .%xﬂﬁﬁﬂﬁiﬂxﬁﬂh\iikﬁ ﬂ*«ﬁ e, \.ﬂmﬁuuuuuﬂxﬁt
¥ ; ;. » - A. o X i + - K T K ; g -
Tt o f._...-w.___ L LRI LN f_.ﬁ..t..__. HRT UL f._..u._._.di...._._. YW el ,.__..J.—._....__ PP T PP PRI A ____,._..._.hﬂ. e e A e e

P

M

%,

L I 8
Ll

LN

N
‘-r .f_‘- - T

-

..r

s
L4 N

BT ArAnrn

o
s
. {hﬂ'

-
4 19
nEn

o .

*

Frora
_Fﬁhat
e tﬁ.‘.. R A
Ty
AR LR
=W monnor

1845
Wy

F

i u
o

.ll [ | LI:.-_lI"Iq_‘:

s
L]

Sheet 5 of 21

AT

T

K

L.
C LT
* A4 'l-‘I."I'.

L]

. ]
4

I‘I?'\._lll FAar

LB I L - B -

[N
L

ol
L]

.
A iR

Oct. 13, 2020

= .1% i
I%Ii_-‘.—. ‘.HiI.:.li_fli.-l
| 4 .

)

- F ra. - rmE
.-.I r ﬂl._ LI )
o hﬁ”......ha
| 4

A A SR SR AR A

s or

g 2} L

PRt

-._._....

i

] - . . iy o v . a .
t!..-.-.-__-nlht._uui..-i I.-.!H.“l_u_-ni.u r .-.iul_h.“_-. apfn ragfrar e
P R R o P S FROHL R Fan P

...n. I-rﬂr-“_.___n.l_-ﬂ..._..-...:%ﬂ-ri-ﬁmliirrq\ﬁﬂxﬁ-ﬁ ..__-___.-..-

rrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrr

[ B iy L i T T Tt e Sy T T T B S S B S FS R R R T R R S S R S B S S

IIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIII

L
ri1 - rr+

-.”—mll..-.. ﬂ” .ﬁi‘ —..L.. ﬂv.

.—‘—.‘ r H“.J.ﬂ‘ 3 l.. —.‘ 1.' —..I.-.”W.-...u.. ﬂ.‘..”‘.‘
vtu.atrhriu.vwvﬂarthiy.

- rr Y E YN EN] LN T I W R g
. . .N\.!q.uﬂ_ﬂr__yﬂq*‘.ﬁ..h\\.-_.h}.
" ... - . V. .. L PR ro.. .
....._..._-__,._.ur._..l_:._..-_._...._.ll.,u..__....-......_.. ...._.:._...,..-__.._-.-__...___..._...,.___,. gt vt o ot P

¢cl

b

qﬁ .t.. _|.I .... q.l.-.. I l..n. —..'. a.l.ﬂ.‘ q...-.‘ q‘. -..I.-.. q‘ A 1.' q‘..‘. :‘ "n L] "
. PRI ol PR R PR . R |
ok R o T e B oo o S iy

a i

L

ku*v*'-""q;-hi‘u*qt‘*lhi‘u_
' -

Eo I

EE g N N g g

-

1111111111111111111111111

KR ERR

et

Rk b
L
A

38

LY |

-

LE

AR PR b

e
N

R0
3

A,

- t.‘..t.'u.‘.

T om T

I"L.i.-h.

rrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrr

IIIIIIIIIIII

IIIIIIIIIII

R M N R NN NN s

e ™ e i e ™ e T e Sl e e T T i e e e T e T e e e e T e i e T T T e e e T T e e e T
5,._
SN

:""lrh*l*-*}

At A P A R A 0 B R A P P AR PR AP AL R AR

¢Ol

'i'.i:'ll-.it il'i:Jr. i.i‘i‘i":.‘ll-i‘_

L

B e o A g g A o A g e o g e g o e gl il g
1p I'—* 1P.I . -I-. +—I- -.-.-. 1 ..r-.

e

ﬁh

+

111111111111111111111111111111111111111111111111111111111111111111111111111111111111111111111111111

e

.__r.__.,..____..____.u___..d___.."___...____..‘__...ﬁ.____.ﬁﬂﬁ.ﬁqﬂ..\tt\.__\ﬁi!ﬂ"\.__‘.\.ﬁ.\.\

B e e o 0 o L B S S B s R S e

00l

U.S. Patent

>

it ..n_..._._..-_..ﬂ..._......l_.t._. T o u'

-
. ) - -5
Y Hﬂ&?ﬁﬂﬂxﬂ“

Pt ik Il

P

r
hththk%hh\%\hht%hh&thhh hhhtthhiﬁt{.ﬁq .
e i . 1" . - . I
R PR R s R e ke i Hﬁt?ﬁﬂiiﬂth- :

LA N W N

v Ewwmtﬁ 2|
____f.___..._._... P 5

.
Ly

ru.wnh..ﬂ LT,
ey

e
u...........“,x-..f

Sy

+ a H

Ty

R
M. " h\.. : i h‘..-i N .
L A CRIE LN - SO # N lft..._..,:_-"‘t'_..u._._...

g Old

TTrATT

*

4

Hﬁ.
4
iy

aSh

A by L] LIC L NE U LN O
- . -

O P L A L L0 L R AT 120
-! ......-u- - . L - - . L ' ...-.-_.
PERF AR 7 '.__,..._.+.tu_.H.u._._.,___., AT IR JORRY TR LN CICIN SRR SR A JICICN R URW LS LI ol

“I’

L]
o
y
-

vy #

Ll ..ﬂh.
! f.h-un. ‘e ,.._.-.“ .

-

o
S

AL

LS "
!
L LR BN

T T

ﬁ-&n’.ﬁ,mnlx_
. - "
e,

LN
.

L

¥y

. ?aﬁ%mﬂ%...wwm et »hwnr?.iﬂu\imm ,.mmnﬂﬁmﬁ.ﬂﬁmﬂ\%mﬁﬁxm
A e e B e W 0 S N e e e
l—.

:

]
L

i e mw_..,__......WH_W%ﬂ\%ﬁﬁmwﬁxﬂ\awﬁwwmﬁwwﬁmﬂvﬁ.{ﬁ.,.n.x}..ﬁ__, e B 1Wﬂﬁ__..wnﬁ..-,_..
Sy ».L.w!wu.. T W e e A e N e e e i

]
Ll

NS

[
LR S

L]
R L

L L
)
L

PR
:.‘:\;I.'I."I..t-
s
Y

"a"h"'ﬂ.nﬁ."h.".u"h. T W,
r r .
RN R AN Y

TATT=_TATT=_TTTAaCT

-

L
ﬁﬁ:ﬂ""""""
L LB R,

Y

L LT LR
] - )
Mavrdmanaen

o -

“

-

LB ]
'I|-

‘I..I
ulnn-_u.-..-wﬂ“

L} fhl‘

.HII H.

o
At

Y

LY
T a o=

L r s .
e

R

SRS AR
y - :
AR LR

-
4 LR

-

e R N L T

L

A,

e e
1.\\;.:..-..
L9

AN

-

Y
8

T
S I

T NN

T T T T B TR,
LR T

Ll roa =1 r
'ﬁ‘mﬁ-"-".ﬁ'ﬁ-ﬁ‘u‘.‘\.ﬁr

bk bk b Lk kM

]
R R

I
i

'iﬁi
L

L
LER L
"

= e e =

n

N Ty

-

ﬁt:
i

o
X

. *
LR RN

LY
*

-'\-;;c

*
wundm

roa r -
b i ol B S R i ol L LB T

w
-
L )

T
- JH-*.‘-‘-“.‘-‘J‘-*-i'+-hl

-

d]

"‘-‘I“'ﬂ'ﬂ-““".'ﬂ'lh

Ir

ou

ey
LAY

N LN

o
e

: hr'-l. L]

-
4
ALLEL L

L N
4 B 4 E N FE I3

T T TT R TTTTILTT TT YT PTT T

O,
L ]
R,

-

AL A e s
e

i

l-.h;q.n.'q..'\..lél{.it.

Y

p T B

e
. 3 g

SRSl

wow i o v

\q:
e

b e B
L

E‘-."?";‘-.‘ﬂ.

T N
]
h

T T =TT

oty
LLL

2

d
4
‘-.
o

.
:11.1"'1"

C T B)

111111111111111111111111111111111111111111111111111111111111111111111111111111111111111111111111111111111

g -~ - - o -~ A g e e e B e - FOE O S P L A o
e ey NS s ey v R S
o o i_.:_._-.t_.uﬁ.._-.._-..____.

. ;
-.\.\u...(,.t.ﬂ.nn.n.iflﬂ.i.t.i. Mo Tt AR AET: SRR sl A A ot W

- -‘H. rrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrr
E g
1P
e

£

111111111

g

"y

il

‘ﬁ:"‘\.‘h
. ¥
AN RSN N

rrrrrrrrr

i
.,

LI

!\::'-
LR

¢0¢

-

ﬂ.wﬂ:n‘a.ﬂ.
» 3w,

.,

S
=

' L] o 1._
| 2 .
[ ] .I_.__u_ L] .1.!.. 'n
4 . L N R N I N N R L R AN R RN RN AR R RN RN X T N R N R I I A L LR L NN AL AL LS PR O e T T Y T, g g e N L K M A g A LA N, Rt LR AL g
e oo s sy oo fons g gprssguiogeaspossgresgons g usenspespessgeesgesspriauesnsp g gronpacgonsg s ooy ooy oy fpssgnspol
T b ettt b e e e e e et .._n__-__._H“.__r # .:._Hﬁﬂ ____ﬁ ___.ﬂ. .:_.hﬂ..._ - tﬁﬁ.ﬂ t._uﬂﬂ ...ﬂ..ﬂﬂ_.. }ﬂ_ﬂﬂﬁﬂw“ﬂﬁ " tﬂﬂ.ﬂ .___“H..H " .....ﬂ...hﬂ .}.ﬂﬂﬂ ..._.._Hﬂ.ﬂ - .1.___._.___. .__.ﬁ .____ﬂ._.nﬂ. ..._._Hﬂ_ﬂ tﬁﬂ.ﬂ_ﬂ ..__. nﬂﬂ .___.ﬂ._......_.ﬂ # .___n_._...___...._.._.ﬂ .....ﬂ._ﬂ_ﬂ tﬂﬂﬂ - t..uﬁ.n .___ﬁﬁﬁ lﬁnﬂﬁ tﬂﬂﬂﬂﬂ..‘.ﬁ 1._ﬂ .___.nnﬁﬂ 1.ﬂ.ﬂﬂ ..__...._.ﬂ.ﬁﬂ #qn ..__uu tﬂﬂﬂ.ﬂﬂﬂ.ﬁﬁ ¥ ___.n"ﬂﬂ tﬂﬁ..... tﬁﬂﬂ.ﬂ .___uuﬁﬁ ..._._ﬂﬁﬂ. x_.hﬁ ___.ﬂ .:ﬂﬂ ..._.“Huu_ﬂﬁ ___..ﬂ._ﬂﬂ. tﬂﬁ ....._H. ..____..". t..h ..__."H_ﬂﬁ ___.ﬂ - tﬂ._.nﬁﬂﬂ kﬂﬂ.ﬁ .___ﬂ_.._n..._..# .._.“H .__.ﬂ _____ﬂH..Hﬂ .._.__...““H_H » ..._._.ﬂ. .._..ﬂ t.ﬂﬁﬂ ..__ﬂ._ﬂﬂ 1."_. - __._ﬂ.u._Ftﬂ.ﬂﬁ t.ﬂﬂﬂ - .:._Hﬁ”
.. o . o Lt e, M E, sy A hEEa g R R o Wy
G TR eI R R A AR
g T P et L I R VAR g% ﬁ#&&ﬁ.. ¢ Yot @




US 10,803,574 B2

Sheet 6 of 21

Oct. 13, 2020

U.S. Patent

9 Ol

9Cl
A AA 1A

L R e R T R RN L LT
v : Y ;
n ¢
. % -" ”n. g ] 1
: ‘ ' :
7 :" ”l 1
“. ﬂ- .__-..w.__u Ay ..:.__J_J___..._.-_...__qq. .._.._.q”M_m_m_r.._q...q_"."-___ﬂ_.:._.ﬂmm.__qn-n..u..u..__.u..dnq ..__u.r-wqu.ﬁ&...uw:...f - .-hnl._...u..u.q Y R ,_:._.-”u.. .._-...u.__-. _..,...m.._”.-..,.._J_....“w__..._q._q..un_"r-.._r.rq&q."...J_..:_,_N_.l..__-nq_...".. :..J_q Py _.J._.: LAl AL -u+:+-. _.-+u+:..+|.__u..- ..__q...u....q__m.r_-_..._...__ﬂ_u.‘r___-___-.__un_..t“.._.,.__q_.__......_. ..q._u..".Un-.___ .“_u.._.-.hhq._:.q-..ui-.._._,.._q ™ T +-x:..-.__1+:..+”-. .._u_n.”__w..___...-.__._.._...«ﬁ_._.-._.u.___.._“_.ﬁ..__ﬂ_.:”_“".__-.ﬂ..uh. . q..-uq.”_u.t....__.-___u =" “..__..___-.._11- q.._.q.“.- P _...__u.._.u. T .._-...J_.-. .__n.....ﬂ_u. ...J_...._q.. ._.1;-1...._ru.__-..“ﬁ.._u.«...““ﬂ#..-q.ﬂ.. :..-.“.qr.__..h...__..f:.“_- =a e ___1.“_... A
‘ H u. 1 n L] F —m.1 .r
o w i a l—.‘_ " .r.._...n.'..-.. Pl Ol “ a . o ..-..___...-...“.
: i : : Al £ E g 7y : e
= 1 = - W - . r
1. 1__" __._.. r. :- . AT ._- L H..- -1. l__ __.- 1____ -__.
3 m I.-.H- #_ .r ‘—. “—- ll A l:-l. E- *.- “ I- ‘_ 1] .‘.
“ 'y ru..._ F a - [ it W “.... F Ay _.” ”“
- p B s B : N F - r L
1 -ﬂ- .—.‘i“.ﬁ.-h. 1 .—E ‘ R “- ! ‘ l. .. -.— 1.1 .J—1.k—. .I-r.lh ’r- —..“ .. I‘ 'l- j - J.l" + .“" .ﬁ- u.—-l‘_ 1‘- “‘LL‘ é- +h -“ ‘—. 1] ‘-
-ﬁ L. o ﬂ - v .ﬂ m.. W UL L ..____..._ - _-.1.__..T LI P ..,.n_. ] .:u... & .m.___r L] * .:.._f., __.”u y ..E - il ¥ ”.T.. . ol A o r m___ .r.t L P -_._r ) w_..h | ._u._,___ " . ..;.__. d __.___-u. - Lt ,m._r.“
I A W AR ’ “. To, f, Tt it et Kl g e ? %, ) L SN
o h 5T 4 R e TR T T e Tl Ty e Ty eoor T x..nmmn..,m* g ”m...- AN S o I . - T S B v R XA
£ nn T, T L OB PP Ear A (O AN O T L . " k)
o N n F - - k) - T » P . - - _-.1 » x % . n [ I T, | ..-H.n... i - i r r n ....l. T . » L 2 ¥ r o n 2 l.}lnl - [ l__ r r
ﬁv % ' -“-M\li" u.-..hi. 'nf-. q.nl u_.rl. u.u.q.-. . 1-_.-?.._.. ._lq.#_n .-____I l”“ ..n._ .”J_.- _u_....q..vhn...u..htﬂi ”m.:..u ﬁﬂ-...-_.—-. _“_ ) .-"“ ql.n. 1"-..!_ ..._.u_...m __.u.-..-_...“__ - _u“_m.u I “- " _.?-w_..
r o+ - " ' - . +* , L} F.- - - - . L3 + - L .h.......l . A Bt 8 LA F - . - L n - ' ' a" LI
¥ ., ._.M a - o 4 ’ s o "/, A 2, P m.u%..u -y G L o, 2 2 A ; AP A e R
‘ ™ 2 ol al ol o o g - . TR o Tl BTN U TR TN T R T LR Y T T T G TN B R TRT G TR LR T R TN T ST R TN T T R LA TFT RN B T . - " of- o " A A F ol o o o o g g o ol o b 0 o N L gl o g g N L o gl Ll g o g gl b g Ll g N g o g L gl o L gl b N g G L o gl Ll ol o U g gl g o N g o L g ) [ Fool g o U o N g T &4 8 l- ‘1 l.-
A : : i sl S L) R ’ e § Lo J9 240
r " a For - e .7 .r.-..i....l.:.ul...iw.-............ DI T T . SO a i, LA 1a - v At tF
7 i B A J K7 5ok ik gpion PR
: s : : % 4 % oot e e
A o [ n P e T e e T S T e e T l-_....__:k.....__l" 1" £ ] T ] _-.u.____ _.-_
ﬁ :..ﬂ-.ﬂ-.;.l.”‘l._....lni.q.\“lm\..l.\ .h\..-lﬂ\n.l.ﬁ..“\...‘n‘.hlﬂl. [ L “l W.__. & ..M ¥ L r I ] -_“ LN LT ._.-_ LI ...Ii. rml” “lli l-u l_. ..t v
! ”u_ m o~ £ o r "u T S *, TR v
= ¥ . '] 4 g -, o | I
AT 3 < z 4 5 0 \u._. s AT __..m...., : iy, % 5 i ”“
.m . 4 . . - r r LI
wed 0 v 4 ¥ il ¥ A8 A U“M\L\w ._..ngmmﬁm = . R
. z A . ¥ 2 Nt F A s R L Fr 2 Ty ¥ R
5, » ¢ 4 K . % e "ty u e
L e " + o 11« 1 B | -._t A, W ..“.:.u p
‘L 1 r.r.r |.k - s _rFr. r_ —.‘ l‘ —1 ‘“ R .-‘ H- ‘—. F
’ A Ay . - _._-_“ ¥ 4 -_rw-_ A F "
% . 7 0 - ‘s / ¥ £t
o . p ’ ¢ - F e 2 - otk
‘.— ..l ‘. .‘ -.‘ l. % .““ - .-H '.-‘h .-'.TI [ ] —.‘ lﬁ
L ""._.__ & o 11« . .‘.- M-.._\ :._.‘ ' —_t r
T . 7 2 i L -____-.-. +. . I % -vt . ‘_. . ’
l._ o 1& ¥ 1“ -_ F -..u_ .-. 4 irl. .._- .h_ ey
] - T . [ ] r o r . I R LT W A
: - 5 “ M ‘e “ .H_.- “u ﬁ.ﬂ.“ Y %f___—. i 1“...‘ .-uw_ .H.H‘. A “W gy #
“. " # K 1“ “.__ P “_.. £ "._ o “F G0 F .n\lﬁ..._.." x, W' .-_I
l. .fk% “1..1”-1. - l..... - | l...._...l..-....- L Sr _.-“ .“” .__- ﬁ 1- .._1 \ [ l.u. ..._.}riu_.rr.h. ..1 i
‘.— - i -—' lr .- .-.r ‘_ L] ‘
AN : 1 it E A
2 b o - - : ‘3 ". PR
5 % > ,H ‘v - 7 " At
J. -—‘ ‘- ‘ .‘. Ll ‘—. LI 1y
l“."r._... JW. - “ “v.. . i “t.-.._-___ v o oa _.“_.ﬁl.“.
4 o . ;. ¥ Hr o A
- ...: “u _.-“ t._. Tu ﬁ.t .--..1 :r 3 l_. -m. r
l._ : - e > ¥ ™ d F 1 . 2 I_. ...“-_...ﬁ
: % “. ' . ¢ 147 ". P RS
2 . . ' ok - 14 " ot
" A - £ 2 P - ooty
’ ! o e .._-_“ k “ X - o i . L
o - - - o ] o AR
F -~ - _.1 £ " t £ 2 - < 1 —_1.1. F
¥, _-..J&.. - £F F ‘. Fa 4 . M re J“
“i. " ‘e > F Yy ol l— F ? " - FF
..u_..l_ u..__ Ty _._-“ Y u-. ___- 3 -___ __.- f
l._ T ul -__. 11. “-.. .- : ..-. .ﬁ. u_u l:. .- I_. ...- \
M . 1l - "} »
: / s e v ey
..uh- __.“ -__. “- -1" .__._. . 1.- - [ ] 1_. 3 -__.
] 3 : 77 kR R
Fl 4 ¥ - L OF Lt okl et e Ty
‘..__. [] y Ip " _.1" Fa vl -t F
‘.— i “-: “” l' H—“ M -“ ‘—. 1] ‘-
. 7 ’ s 4 ¥ PR
k.- u.‘ .-' ‘- ] ‘T Tﬁ ‘.
: . : N o —\ : % 2
. g¥ A - o e Ak
o F * # % “...u "tk
" , g > oA m...n
. : 7L et
‘-_.-H ..' .h ﬂ '“ l- tf L] ‘-
“. i b i A “.H...__ "y
A .1 .li.l . .Il. “.. I..E _m ‘.- .ﬁ.u..t—. ..1
-___ﬂ.t. “ £ ¥ u_._ .fJV 3, ' Ty .- £ g e
" " B T P AR 0 S %x.m aoun ___...___w_T
l‘ iy - P :Tq_w.-q 2
. e T
ey ‘8 PN
uﬁ._-.-_“? 3 W&‘nl“tﬂt?“ln?ﬂnlalﬁﬂ-lﬁtﬁ ..__._n....“.._-t..._..nl_.._... u.-.......lﬂ_n_...._.....n....._.-_. Bl el “-._n....n__u-\._.:“tn_r. n_...._._..._“...._.___..._“_.._._.ﬂﬁ._n!;#ﬂ.“tlu?ﬁ-ﬂw\“l.iﬁﬂﬁtﬁﬂﬂ?tﬁhlﬁﬂinlwii ulad it e o e .._....__q_...._.-_. u-r._.lnM-...._..r...-..n.“n.".rtﬁT_..__.&u-...ﬁnﬂ.ﬂ.llufntﬁinln‘.ﬁlt._inrnt T g I e L e gl e e i mlnlnt-ud.hfhﬁnl.ﬂn:ﬂﬂnlnluﬂ‘"_pinlnl nt_q._.u__...ﬂ..-....u_..n....u_.-.. ' e, ._....._"__..L_.‘_-_.-__r......._“...n_. s Ll u_..._._..__“......_nl._.._...._.__.. Pty ..n.._.u.....“l-.ﬁn....n__..._._”..uﬂr.?_lﬂ.. 1.” ”n. _.“ AN
J_rw.t____w hﬁn«?&tﬁa&h*kwhﬁiﬂﬁl&% S .._....ﬁjm..\.._-ﬂ. : .ﬁvqk&”...%k&kﬁh?%?%. .._W.”..F.i._u.nm\...nuh.r¥tbﬂ\w1rffw1\._......._.r.,..._-ﬂ.\h.v.\(mﬁ. A, ..__....__.rvTﬂa-W.U__.. m&&”}uv..f A %&hmﬁw%&hﬁ\hﬁ%?k*\h&&hﬁ . .\h.r.bh._.u—_m....ﬁ......_#.nr.\br e hf\.fhh\rm_h\r.r.\.uﬁ“. - .\..1%..#.”..\. ' ..__..{m\t\hu ._h... H\%)ﬁﬂ“ . V..m..\.m.-u......ﬁu.. __\..__mn_ “_._
.1#.-1.“...1_.....___._‘..1.1._.1__u“_m1ﬁi?ihﬁittﬂit?ﬂiit?it?t#?tt 11?111&111 TR IR PO YR/ SO SR Y o’ N SN W, N .......u_a.__.t." _.__..___.V__r.__n.___.t..____...t‘.um....tihTit.r:.L.t;.L._ﬂﬂittd\{tLFti Ly T =W ./ VR Sy VRN V. TR T e U+ “WE. T TN T _._..t.“*..._..‘._.__.tt.._..t..i PR R PR PR

rrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrr

¢0¢

00}



US 10,803,574 B2

Sheet 7 of 21

0L TVOILH3IAN F39NL

w.._. N R e T Y R b A
B e AR I A o e BN et G S S
AESTEN I i i

Oct. 13, 2020

U.S. Patent

___3AINA NOILYISNYYL
V0L qyINOZIYOH 3anL

A0 NOILYISNVEL

o

s

r " o - b 3
. . - ’

L Old

L] w ,
' "t L St 1.‘.-
e [ 1 ; r &
- > o | i %«
I T r s F X o p ., : ] — B R
- } r 1 - . .
. b r a - .

-
1
LR

“a L aEa

- .
mmmmmmmmmm
rrrrrrrr
........................
...............
1111111111
..................
111111111111111111
1111111111111111111
11111111111111111111111
111111111111111111111111111
111111111111111111111111111
11111111111111111111111111111

11111111111111111111111111111111
11111111111111111111111111111111111111111111111111111111
1111111111111111111111111111
111111111
1111111111111111111111111111
......................
rrrrrrrrrrrr
..................
111111111111111111111
1111111111111
11111111111
1111111111111
111111111

B e e
w v

¥ 3

-11.
.1_".

-
- 4 v Ry L A : er e . L ¥ W .k e Tl -y -4 T M A
;.th-.m_h‘& T - ! . : . . . T . '
. . .i..,_h....._._.\..“_%\“#
¥,
Rttt ' b : - | I ]

rrrrrr = .

. . . .r._.-......
........................
F o« o F & r o ¥ e~ T N = TR

........
LR B B o
s

..........
.......
A A ow ko ror hom o b b R - W ol gy 0 - Ty T o W W e 4 TR R S R
11111

..........
................................

++++++++++++++++++++++
....................
+ 4+ =+ + F % kW A h Foq = % b & 4 7 OSSN, - W g . A, W g ey . WL N R . - W, - - PRI R
++++++++++++++++
a -

iiiiiiiiiiiii

.....................
. T %

llllllllll
iiiiiiiiiiiiiiii

++++++++++++++++++++++++
+++++++++++++++++++++++
+++++++++++++++++++++
-

++++++++++++++++
+++++++++++++++++++++

iiiiiiiiiiiiiiiiiii
iiiiiiiiiiiiiii
iiiiiiiiiiiii
aaaaaa

LR
lllll

r
iiiiii
iiiiiiiiii

++++++++++++
++++++++++++

++++++++++++++++
++++++++++++++++

iiiiiiiiiii

L]
_.Ht-_..-.
.
h...l.-_-.. Ll
ata P
5 ._-'1.. £t
i+ .
E .t_.
T
1

. . i F .
- , E a ! A = - *
-.............. . - . .... . .._. l . .1 - .L-._l.__ gy l__....1

™ L]
Ll a L P 3
* LS r* . W
r r u
By s 0 LI . ..
a atatd e - » 1
r " L I I L] .- - 'Ll
u ’ u 4
K] ror - 1 T A
! . . y -

.....

2 w
4 'y
«
n

ol

iiiii

111111111111111
11111111111111111
.....................................
rrroror oo . . - Tl L N TR A - SRR R F N g i R LR - r r r or - oro- - r EEE
11111111111111111111
11111111111111111111111111
1111111
111111
11111111111111

1 r
......................
mmmmmmmmmmmmmmmmmmmm
.........
1111111111111111111111111111
1111111111111111111111
111111111111111
1111111111111111111111111111
111111111111111111111111111
11111111111111111
N - -« . r - s roroxor + SE 3 & TIEENEREEEEEN RN N
111111111111
111111
111111
11111111

1111111

i " “.l.- [ - _.-..l._ K i.__nnr_.__ r ] ..-...-.-.‘___._.-::_.._..I.“.I...i.__r L
mi mn.wﬂ%“ ..w m" S Rl m R . o RSENIRCOCS
AR TR 1k L T ¢ . :

L]
iiiii

an n w4
L x PP

ARt K

o ..1&11&3

........... o _\.\

llllllllllll o . o

||||| l.-..‘ . ._11

— : RO EY | e .h .ﬁﬁﬂﬁﬁt+

T & Y EYTE Wl =4 ”\.\ﬁ

.m._.:.... ,.-_.h ..” . uﬂh. m r.t\.w--_q.n. ---------------------- “mm W”\mm

i Tew i A

gl . r i peE . .._.pu._.u__....r .................... -~ F F AR
F “TE'JJH . “ . - 1“]!.&&. _.-_ H.-..ﬁ- . .\___..l - L m.n g
Pk P8 Z % bai Y ied N . B A
i RN 5 R P R o S m\\\\\m““
v Rt e e e e e - p

[} ..| .. "

. ENN T

- Il‘1

A G 3 s W ¢ E......x.... B o -
i . 4 . g . Y
Ne , ] . 1.1 ..lt_..“...“ “ ...__._._._—._—.zf._nf.__.._._.._ ¥ 1 .“, T .
. .. . ' .-l” * .. & u . - d . ””.-._..-.-..—...—. A l.-l-_.._...—_..-.hhhllillilli..-. ,

||||||||||||

lllllllllll
ﬂﬂﬂﬂﬂﬂ

lllllll

. T J...-ll... - R L " PR ._+.. B o
o F M...Wn“_a_ zmuuw._? th.nli._.__ Fag A UKL
..._.L..f_.lau-_\ iy - .m., _mmmw g,

90.L



U.S. Patent

1

1wk e mh ok sk

Oct. 13, 2020 Sheet 8 of 21 US 10.803.574 B2

N A N RS

+
1
+
.
+ +
PN A m moaomT
+ 4+ b+ F ++ b F R
LIRS R A B R N
ma R A A E E oE oA m A
b u wd wbuw v b d bt h
T NLIL L L L
e . o
T e T T T,
+ + 4+ A+ 1+
T = T " oRaw
ket b+ A+ b
+ b+ + + + 4 %+ b+ 4+ + 4 k4
e amaan AR R E g N g E AN Ea A ma
-+ raaTwiurTm Lm e
A+ 4+ + ++ A+ IR
+ + 4+ 4+ P+ 4 + 4 4 4 1
TN N N R ENE]
LT +F A+ - 1 L how [l
+ F +F FF F o+ T A+ A LA+ Atk hh
2 P R R N R A E R ERSE N AR PO =
I EREEEEEEE LR 4 b dom o k
+ 4+ d + A+ b A+ A A+ IR
EILRE N B A R N R B A A R LI LRI
ra s TE Ew E T A - md om
U I EEREERAE R E A E A EE AR
+ N R A D L LT L L L L L L I
+ w4+ d L+ e+ b4 A EE A EE T
+F 4 4+ + ] L T T T T T N N |
EIE RN R S EIL L I | L E A R A Y
mF or T * * . RN R = onw == -
F o+ F o+ + + 4+ h b 4k
- + A % A A
- i . E o m oy g . g A
+ I EEEEEAEEEE R
* * I S B I ey
+ 1w 4 hdd wd Lwd 4w i
Bt A LN E RN
= L LI T A N e
I I R N S N ]
+ I EEEERTERER] B

- A+ 4
- = poa
d & b L&

LR SE B N B R K )
-

CIC U I U I e e

- 4 4 S i +
IR EEE R E EE E R E R
A % 4 " 4 A% 4+ A1 A % & 1 4 A+ A+
By N A E W mu A A E S L N

¥ 4
H oy =

H!-iltn-r“nhn-rln“r.i“'r’i L]
L ]

> H & F I*' " Eu
"i.- H"l '.H "i.‘ [ ] -'I

-k 4
LR
L ]
" x
=

F
Ll

[ ]
+ +

L]
r +

d

F R E RN RS RN

- L]
41+ 41+ r

- = (Y
1 b L+ k¥ hidwwrd b rud

L]
EN+ELENENL
I UL R R N T T AL
Bk W R T M AR

L UL L B TN
o - anr
A T T T T T e T
LI -l..i - =+ 4 4 4 -i].-llqi‘-l.*i -
‘I. -I.‘l"- -I"l.ql.‘h.*-u.-'u il mw
4 h hh Lk b hh o FhH A
N R LN

r

=
= 1w 4
-

= R ]
+ L] -

4+ hHdoh

LI |

A+ 44 b h + 4 b h k¥ A
= EC Y

i= 1
L]

LI
- i
EIE I
LIE Y
a L gm
oAk
IR L N R L IR N N v A+
T i P Pl Pl i ST
I EREE R EEE R X IR
L] ERE LT T I L]
TR N ]
4l A b A -
TaTe e e e e e Ty T Ty T e e e T T e e T T CH
W e T T T T T T k4
A A +
ST TR
- - r -k
LI I =N
1wy - -
] Ldd 4 Y
Wk AL -+ 1 LY - - -
- - n -
RN T Wt i I T
PR 4+ + 4
LY ] A L LI - EAE L]
ESC ] r 1 e = mowdw 1
4+ . - £y ia - L4 44k ok
. . Sy - S S
EE ] ia + kb - 1 N
o R P T T N T L T + St a7 T T T T T
i ] = Bdwd 1w idlw 1 n 14 L w 1 - 414 nd b ddnwhd
A 4 . R E A R E R R R R R R E E A S E E E A E E E E + IR EEEE R E R R
- R I Y LI » LI TR T T Y I LI | T T T T T B T e A | LI I
u A m o m N R ] N N L doy EE I e I T I T ] P I ]
- AR RN - AT E A E A E L E R N E T N ] A . - L
L N R L A T L R N L L R L T L R T R L N L L L L R
e T TN e N * T i i Ty P T i e e R iy P M et
L L NN T N T T L T L N N I e I e N I I N I IO I L R I + 44k
ik nw T ardadiwd =k A b ndwdiwdd L dmadedmwdw 4 i 1=l i
L] + I EEE R E N EE R E E R E A R E R E N E R AR E R R A E E R A R R E N E R R E N AR Y
T T T T S Tl T Tt T e Y - + 4 1 A F - LI I ] 3 et T
PR N I T I W S e - R R N . N R .
I EEEE R E E N EEE A R EE E E I R E R R E R R - I EREEEERER!
R R I I N L LRI R T A R + - L - L
AN NN RN ST WA T Y RN AN NEERM
I A EE ] ko k 4k 4+ kb kA - -
LI AL LR it 44 =% L LI L
1wk i = - - u -
IR R - Y 14 - o
A % 4 LA F 4 - Y - - -
a n n - n
Tl Ta T " N LT ) W +
LRI LN ) - LI “ + A A - T T
W RO ¥ Y . e N B i i
4 h Lk h Ak - - . - - - - IEEEEE R TR
L] in I T L LI R N I LI |
- - - - . - 4 nm A m * -
L] L] I EENLE R EE N E A EE T E A E R I E E E E e
L +oh e e T T L e A L L - LA
LK) L] L add i dddddd ddwedddbddrdbddd L] 1 1w w
] 1 B T T T T T s T T T e O e
LI - L A I LR I I ] LI e ] EICI N L]
0 N arizsdaragasraanssdisnsssasadtrdra s m ey nw nd
LY Y 4 h ok kchd + LA I e I ) otk Lk -
L] L] LI T T T T T T T L I T I I R L L L ]
+ " o P N R e N N I I ] i Tk i i T » -
' . - -l 1 BN ] I EEEEE EE T EEEE N
ol - . o LI L NN I TR L I I LN R L T -
.t a4 ik L Bl 4 rd b ddrd=dd = i wdd k4 bk dlw 1
.. 4k r Fh b kAt N ER TR
- L] - » - EE I - - E T R e |
2. - RN . i
. k4 IEEEEE I E EEE A EE N E R 4 - + 4
-, e - AT A L L
i T b AT AT ’ L
4 4 4 - IR E N EE RN + 14
L | L] ERE LN | 1
1w md - ik Y
. LR - + - LK - o
- LR E N Y - T R I - - 4 »
. -t oa v g madlw o i N
4w Ak 4k ah - A 4 + 1
LN L] N T I I T T L L o
N T - = 14 “+ 441 ko Ll d b bdrdwddndd A EE R
L N R TR + 4 R EE R T TR 4 LAk - +
L A A LI | ] LIC |
-kl - -
- IR 4+ 4 d + 4 d h bk + 14 d 44+ 1
i L AL R T T L R L T L 2 I P
1 14 4 Ldad LR ] 444 C ]
- - Ak + I I I I T I I I I O I eI
- - - - a
' " at e T MR E ] WM * 1 JaT
" AT EREEEEE R bk h + LY
- L] 4 1 %AW + »
- - m i w -
- - R - 1 -
. LA L R +oaa na
r 1 Lk L4
L N N Lt
1 ] O ] - N -1
RN R EE R TR 14 PRI
LI ) LI T R T - 2Lt LI
it iy i Tt » M [ - T
LR LI T I L LI LR A I LI K L I R LI I
i i P R R O N N ] T
R R LI ] I EREEREE R E RN LI Y EL
EILRY I I I Y LI e I e Y LI + a4 1w A ¥
R R R T i L w4 n - st mdw g - f - Awmw oy m P O] aw
IEEEN A E R E A E R A E A N E R E R T E A E R N R A EAE R EEERE N E N K]
L L E T T T T L T L L L T L T L L T T L L L L L N T B .
A T T E 14 14 L1 4 ddrdbAddrdddandadd b dbaddd b4 b rdddnrdkidbddind
I R D N I N R N R LT R T T L T e LI N I A R T
RPN L I PR L L] AR AR AR R N R RN L] BA_P AR AR R R A kA R AR h
4k d b oAk R R - ELE I R - 4 b+ bk kb ohh ot
-t Tmm R N » KRR, + P A N Y *
T ATt e T e T T T +h A hd hh A EE R L]
L L T L - T L - I R -
RN L4 e wd i 4 k4L RN ] 1 LN ] 4 1
N A E R AN E R E N T N 44 4k EIE T -
4 1 AR LI LRI i = LR I I L] L T It T B *
= e wmnw N Ldw bhwwdw how - - i - - - - -
EEEEEERE] EEREEEEREREERNER IEEEEERREE IEEREEEAEEEEEER] + 1 +
T e e T T L T T T T T L T T T L L B T
e Ld ddhdd dhvw d hd chowd bd R EEE A E R E R ] R EAEE R E R N R
PR - B EEEE N A E A R E " R EE TN
- - - - = = - - = n =
i T e e e L e T T T e T T T T T e e e T e T T e T e T T e T T L e T T T
' I R R E N R E R R E R E R E R E R I T e
- A 4 LI I I LI L] L e ERE I ST T T T e
. PR I N N N - Ap s e ~"a - R R T -
- LT L] - - L4k Laod - Y - N EENE R
. B T L N N L T T L L L L N L L N T N B L
nd 4 i Eddddidndmddndddbrdbdesrdbdsdsdbd rdd 4l b rdbdbddin
L] + + A4k + 14 a I T T T T T T T T B T T hh t ok hch kot ohd A
L e e A w N A
- i - T N RN Ldaw
. I EE R ERE R I EEE R TR
- - LT R L R N -
ot A4k N RN 14
' K 4 4 Adh A+ LT LN T
P * R R AT L L T Tt
e T - F LR ] A kA -
- E e e a4+ - LY +
. P N R e e ] - - n 1= g a T oam
R LRI - IR ]
e T T T T - L L T T T T T L
- 4 1 A E L A A4k R 4k Lk + RN R
B - NN RN A E R AR E L N R N A E RN EE A E R E N E E R A E N A E R E N EE T
- " LI L B | LI L R e | - EIL I E LR N E U T R e I
- - n - Pmaom Ew o w - - mx m e e mw i mdlw - P nw
EIER] 4+ 14 IR EEEEEEE N EEE ] I EEEEE EEE A R E E E E I E E EE S
L | LY LI T T T T T T A T T e Tt T A T I T T A T T T A T R AT T L R |
v onm » . - o m - -y - » - - - = Ny . oy mm :
14 L4 EEEA R EE R TR ] AR ER N R ] -k - AR EERAEEN R O]
4k 4kt A +h ok k¥ hch bk ¥ Ak b AR L T L L I + LI I I L )
- - - - n - - = - - an
Wt T T T T T T S T T T T e e T T T e T L T e e T Iy RN AR ENERR
A + h Ak LAk ok ko L T T T T Tt " T T T T T e T - E T T e
+ 4 LK L] LK L] LPE ) " L] L] LI LI * ] LI LI A
2 e e e om " nw s e w - - = md e A mw i - - -
R IR - - - LI R Y - - IR - -
L L T N L T N L P N N N N N T I E UL TR L P LI e - 2
IR EEE R RN E EEE R AT A R E E E R E A E R TR - LdAd 4 b rd bilddrdddddddidssdrsdbd 5!
T T L T T T T T T T T T T L L T N T L T M T T I LN L L L T T A T P L T N T .
i bliddmdaddidnmloedernbednsbinddsdiless =i b e il adesdeidred Lmmwk
- I E RN A EEE R A EE A E R E R E A E I E R R N
LI LI Y - LI LI I
n = N L]
EE I LY 44 BRI
L T I T T R T I e I T L T A o LI T R I L T T A T R
A RN R A A R N RN N ) W T T T LT LT AT T T T T T T
I E AR E R N R R R A R N R R R I T N e LR AR R RN
- - - 41 A LI U | L] - L] ERE L o m
arwwm ram e R ww - - n - - Ewwd e wmm IR
L] IR E R E N E R R R E E R R E E E R A E R R E E E R E R ] IR EEEREEREEN]
- + 4 L) 44
A m A A man
- . hd b Lk 4
L UL N N I Y
M . P
+ E I O - + EIEREER!
1 L U B L | LI LY A - -
1 - -t n - -y -
R EE AR A E R R A E R N Y L] RN R RN
- - - - L T T T T T T T I T I - I I I O I R
- - - a a - n - n n -
+ 1 - T S T T S T T T i AT T N T N -
I e L I T L T T T i e e
a . a - SO AN R N N R A ! N SN N R N D MR I Aw il w o w 1w mw oy . 4
PECIE .- B - 4 bt kAo RN R M EEEE I E A EE EE N ENEER Y + K]
LRI v, e LN L L LI T VL L P B L I N L I LA RN AR e + St -
A . wREK] R R E A EEEEEE EEEEE R R I EEREIEEAEEEE R IEEE N EENE N TR
1. BEEE R e R T T L N e T T A I
Ta aga RN R] TR N ] 4wl b d kb A b dldwd blddd b Lk ddw 4wl b ld rdwddddndbedhwdbdd
B PR M EEE R A E EE R R E E E N E A E E N E A E R E R A E N AR E E R A E E R E E I A R I E A E E N R E E N N
- - . L T T Y ERE | L TR T T e LI T T T e Tt T Tt el Y EIETU I L
. R EE RN E N E R E AR E R A E R N R I R N R LR T ey mw ko IR N = A ww
' IR EEEE RN R R E R E I E R R R E N R R E I IR IEEE RN TR R
T LIRS R T T T T T O T T e L L N I T T T T e i T T L T T I i e T T T S R I I A
e Tt T T T T T T T T T T T T T R T L T L T T T e T T T T L T T ST T T S U T T T T
v I N L N L L N I N L I L I L N NN L N
o 1 i bhnwbddba 1 - aarbhmaadlwhkwwdd am awdidnw bk d R A - - wm il w
R I EEE R E R E R R E R E T -4 IR EE R R E R E A T E ]
- o LI Y L I L]
aa PR N RN R ]
B a4 L4 L .
E R
Wit
+ 4

d
Fl

-
Lk L]
- - -
-+ - 14 L]
+ 4 + L
Lt L] LR N
[P - L] -
L | - * - s
14l - -+ -+
LI I - L] - .
-
T ol hw 1 - T
+ 4 -+ *
LS AN ¥ N A
R R LA h + 1 14 - -+
LTI L et L *
+ 4 L4 4 h L4 4 h L4 -k L
- R R M i i “at
Edw e kL kL Ld b i
+ 4 h koA IR 4 h 4k Ak -
LI I LT T I LICTE L | 14
" mma mw - lm " mwomwoy LI ] +
IR - - + 4 - Ak + A Ld -
PR C LR ] + - LA LT N LR I LT T N T T T R L T T
. T P T T o L Y e e T T T L T T
L TN T A LI - 4k ko ok bk ok ok ko Lok h h k- h bk h ko Lk A kR Lk
N e .JI.FJ-I.J J._I._d.i-._l.__l.r_.l. _I..-J.-| O Y

FIG. 8



U.S. Patent

1

Oct. 13, 2020 Sheet 9 of 21 US 10.803.574 B2

rT

-
-

F
-
-

-
*
'

o w
L I I
LG -
-

[y =
- -
- ]
L LR
4+ b 1

r

-
L

w

¥
-
i
v
L
L]
-

M -q,h!'_ll"ﬂl_'—..'ﬁ-ﬂ-l

.'-"r-'r':'-"r'-'r'-:'r'rr'r'-:'r.‘v
f |

57

L] -

R -

1

FEAEARERRER

"T.
L |
'H L}
LY W oa
L] u
L [ 4
l.‘ . L]
2 L)
.rH HT'I
'H . u lI
S o
-l-: ] -I"
i.' [ ] h&.‘

L + [ ] ‘b
:H."F‘Hl‘\.- L -F‘H L, L] I"Inj'ql L]
o hod kol odk b ko
L] A W 4 % W 1

LA W L P N
o m o e
L

[ ]
L]
d
=
4

T+ + + 4+ 1 + 4
dom

T

d + h + + d + d +

LIE BE N I B A IO D O T D L B L T B N T B L
EL L I | L D S S D B B T B 5 Y R EW R
d LI ] L B B N B | - L B T S I N B
+ + 4 + F + A 4 4 hFhdhEFAd
[ [ DL A 3%y ER P A ma
1 r b w d &k L4
[ LI B U S B B B
L | LG LI B B L N B L L L L L L O B
=3 = - - m - -
LI | * 4 L hh o+hLhd o
1 & + 4 - LI
- 1
= & L L] LI
+ 4 +i+-i..‘rii|-i'r+“|‘ M
- T lI..'I"I.II.'I = = lii.'-l."n.ql. l.qil. [ ]
+ - 4 - -
+ o +
Ll - - =
+ +
L l"'l-.!qi‘lqi"i-‘!'qi-‘l‘i
L 1w rd b didwwrd dd
+ + L S ] LI BE S BE N B B I - b
L LA L N L L T I N N T I D I I
r F 1T s aw iy e el i
F + L B S B B U I N N L N ] - 4 L
+ + = LIE B UE B W N B N N B N ) 4 bk h
= T R P ORER T REE Oy R AR Lwamw R
"a Ll e el O T R Nk T T RS D
"I'"l..'l'i"ll"'l‘i"l'qi‘\‘i-i +q‘l L] -.1'
1 bk ki rw bl b ddw i L
L LI I O B N B B r -
L + = L TN I L I ] LI | =
T ™" r 2 T RN A r T oE T oRE = = L] -
+ + + 4+ + + + 4 L EE B L B N B 4 khh & [
1‘i‘ +-l-|..-i*+-i+ L] L] ™ e
- d & 'i‘l, ‘-l 1 - 3 Ll.li"h‘.l kB
'|+4 1'-"1 L +l x. L] L] ":- 1-1-."--'11-
- - i 1= = L] [ 3 LI T T T AR .
-+ L% %% %% 1h
- * 4 1 I ] "il-*-l-
i. [
-
4

i -
- IR REEREER ]
- 4 1 + 4 %
- n i m - 'y
- e R h R e
-"“. ‘ . o+ o4 4 b+ o4 -il..-i‘a-ii-l.alllii-l--il - ., - - & 4
L L*ﬁ P P P B R R R N i i, i T PP TR
-r - ‘1.1- K EE I LR - -
LY ‘E" L] LK ]
ol 7] - a - w - e wmawmw R ] . - mw hw oy ww omw oy i =
N IEEEEEEEEEEEEEEER R bk + 4 dhh+d idhd 444
SR IO S Lt LI L]
RN - - § -k e L] L]
+ h d hh ok ok ko ch ok o+ kA ke kbt h ok ch ko + 4 + 4 4 + h ok kb och kv rh ok +
LI LT | LI LI L | ERC L TE LT O | LI I L LA I LT | - L] EI LT | LI T L R L N |
1 e T e R O] I ] - 1w md N N E R R EE EE R E RN A N
LI S B B N ) 4 b ok L B S B K N N S BN ) L T B B 4 -4 + 4 L 4 4d e 4 - - - - LI I BE B LS  h dhdohA L ]
N R R R N LI I I I I 4 BT T I I AT N L JHA A a4+ MR A
I‘i‘i‘tirlii,l - I"-I-‘-l- ++,l1l++,l+1l+ + F + N T -I.-i.'l. ih“-l-‘-il.i
LI L L U NN R LA R AL N + o+ LRI LR UL R L L L LN
1L 4 b rwnwwdlw 1 . r+ k i+ d 4+ +Fnd b4 + i+ 1 b 4+ i bhddrdinm 1 mid b i
R R IR + + + 4+ + FF 1t F b A F FE A+ IR R R E RN
LIE L Y EIN B | 1 EL L LI LI LN R L I LI T N B Y nw CILELTE L
mw el d e wdlw L e ara dmarTu el rruran k F IO N O idiw N
4 b k4 L B N B O B ) - d + & + + F ¥ 4 FFdoFhFFAdFF+FF 4 b ok ok h Ak LI B B
i“a * 4 1 i“a + i‘l‘i‘\ - +“-'+.+ ‘I"-I-.-I-'l.+-.I-.+“-'+.+'l-+“| -I-.-I-'l‘-i * 4 l‘i“a + & 'r--i‘l + & !--i-.‘a i“l * 4 l_.
"rqi-‘l.‘ii"-l.'-l.-l.-l-i‘ . [N + b + ¥ -i++1.+l1h1+l+lT++l i"rq-i-‘l.-l.i,q‘rii‘i'i"rii‘tir‘i-‘
LRI R IR LRI R N L B I B B I e A IC R B LRI N R N L R T I
4+ .'-I.‘ l.“""q -rrll---r}i-l-i-l-li-l-r}‘ E | F k¥ [ l.*-l. -I‘-I.‘-I.'l.!“-l.‘--'l.q-‘l.‘ ‘-q'I‘I.*‘. 'I“.‘
O e i e T e e e o -
. - PR R P " .o
e T - - .
+ + + 4+ 4+ d ++t+d b kAt R+ +
- + + + + +
s e = ara a -
- + ¥ + + F d dw ¥ Fd ¥ rF+ +F +F
+ + + o+ hrhh o
LI A * - . O . -
- - - = iT mRT - - - mww o iw
14 4 4 + L] + 4 ko + 4+ + + + 4+ + 4 A+ 4+ + 4+ + 4+ - N EEEEREEEER]
R I | LI I I I L +F L L + I T T T T T I L -
- - = - g m = 1 [ M. = = T - T L] - - r = - - o - = 4% 5§ " .
L4 L4 ) * * * - a i
- 4 o+ o4 - b+ * 4 bk L] o+ A + + F + & + + 4 + + ¥ 4 F + F + + + + 1 - - 1 & +
n - = O] a A e anwow Y Rn o ma - n -
e L N - - N St TR INCE] T e e T T T e T e NIRRT
*+ 4 4+ d A dh AL A hA - LEE T B N BE N N NN R N N N B S IR LR NS B B I B B I N B Y + 4 F + 4 F b+ F FFETFFFFEA A FFFFAFF A + 1 -
L] LA it + L R e B A | LI I E i | L L T T T I AT LI ERLRE LN L] . - + "R AR a N 4o *
- mw - L B B U I S B ) - r a2 m 7 iwd = n= = r E W AR = = . Ta wt rr o wrtrbrrarsrssTr hrs L
[ ] L B B ) [ 4 h kb hh o FhrFhddhd hd Fh A - b 4 L] - LI + d + F ¥+ ¥ F+F rFrFhFF A FFF ot FEF -
St > L L N L L L N AL LA A R I A R R L I L L R N
L] 1 EER RN EN] IR EREREEERE EEICERY N i EER AR EE EEEEA EE R A ]
AL + LT T e T T T T T T L T e T L L) T T T L T I T A I T T T T L T
-1 R ERREE R Y indiwdlead= - N ] rdmiwdd ko
+ 4 bk hd h ko hFhh kA *+ 4 b hod hhwh b & L] " 4w ko rh rhh ok h b hh
* L EE BE N I L L I B B B BN N O D N B B N N B I L r LI I - 4. F
LI G ] = LN T O] Ta A ny T mm omwy R K]
LI B S B UL B B U B B B S B N B - & o Lok d LhAhAd ddAd A dd Ll d AL h LA
4k A 1 - i 4 SR BT o Ak L]
-I.'-I.‘ ‘-I. ‘-l..-l. - l,-l.‘ l.'l. -i“ N l‘-I.q
+ - - ok A d 4 h
L] » EEE I B L B
1 - e ]
- L] RN R L K]
- - L I R U O B B I K|
- s mw ey
- dod 4L hw hd L
¥ 4 “a-l--i + " 4 b+ 4 1 B+ 4 % b hoh
. q-I." a l‘l.‘-l.‘l.‘ -I.. - = 1 4+ -I..-I"-I. h‘-l.. - q-I."-.“-I
+ 4o A I E A EEE R EEEEE R 1
R L U N | L R I AN R At m LICIRLY
=4 = mw nw N == - atw mw i L] - = pa
L] RN LdHdhh bk LW
- + 4 ¥ 4 LI IR BE N IO IR B A B B I - 4 - b A A A
e - - n . a n - am - - n - n n - n L
RN RN AR L A A A N E N T T e T e e S T T S T T
4 + b A hh oA 4 h 4+ hH j.+ LI -i-.-il'-l-qi"-l.*i“a"-l-. _-I..-i‘h‘i.i.‘i-‘i‘-!*i.i‘i-*i"-!*i hoh ok h A hd A +.i‘-l..-i“|"+.-i_+q
- .'I‘ *'I.'Iq -I.-I.‘l.qj"i -Il.q-l."i‘-l.-ul.-l.-l.-u-l.-u 4+ i< d = i = d 4 r e e 1w
LR ] - + 4 4 d & b hhdhw b b dw hh rhd o hhdh ko + LR ] LR ] - LI N N N W I
LT T Y LI I L L0 I I N LI EIL I T T T T e
- P -y - mow - om - mow oy oW omow g - om - - ot w omdwomw P i R
144 IEREEEEREIER! 4 4Lk I EEEEEEE N ER R - MEEEE N EEEE EE A E R EE R ]
LI, AL R e AL NI TN P T L L N T T T T N s,
1wk ndwd kdd bhLh L4 R T L - ahdih L w4 bk b ddiwddd
+ 4 koA 4 + 4 - + L B L] LR ] L] L B B L -
- LR = L - % L] -
- - + 4 i L] - -
T ~ . -~ - - -
o - - LI L] R L AL
1 1 ik - e AR ENRE]
. RS AL L BRI N LA TN L N
L i el 14w sdnwwdididnwwd
+ - * 44 4 & A h 4 4+ 4 A L dhdh A
T % A % & 444 % 4 4+ 4 1449 L] LR - A4 + A 1 % 4 % & 1 WAN
. - . oy P a ks R
4 h ok dh b+ hd Rk d 4 i [ ] d o4 kh b+ hd Rk
L R LI L
-i.'-l..‘-l. -i.' l.‘-l. - A T -i.' -I.'rq-i
+ =+ -+ - * 4 + 44
El - - L] - -
1= d -
L] L] + L]
l.* ‘.iI“Ii*I‘qiq‘IilIl.q'll.'ll.q.l. L * - L ]
i-i"-l.-il.-i-i.-l.i-l.il.-ii-l.i-l.ii-l.i-l.-l.l w4 - [
--I.-illl--i-l.i‘ai + * 4 4+ b - ta ‘4 - -
-I.q -I.. l-‘l..-l. l‘-l. i r - - 4+ .l.'l..-l.‘i*-l. l'l..l * L) -Il' .l 4+
. I E A E R E E N E EEE T E N EE R R - FE FEI i
L] LI o ] L] B L]
-y - -
-+ -
- i 4 - a + 4 4 - - + - 44 4 4 - -4 4 A +
= a - a m - - an
1t Tl et T T " IR NN R - e 1 KRN
r -i-.-i + 4 r 4 + 4 -i..l"-l- -i'.-l-q-i qi“a.‘i-.i"'rq-l-‘ .‘-I-q-i l.q-i lq+.-i++q ity ' -l+ bq - "-I-.-i'.l-q-i‘bqi.i -I.'-i"l.* N .i‘bqi“a.-l-.i"'rqi .q+| "-I-q-i-.b - l-'-i"'r -i..-i
. -"l.q-I-I-I.-I"l.q-I-I-I.-IrJ.--Il-I.--.-I.--l-.---l.-l.-. = = = 1 i = = i = ndi= 11.1.-.1.-1.--.-l--|.-.-|.l-|.ll.-l.-.-lll.ll.-l.-u--l. i vw=mswsidwenwshisanssdssdidsn=
L B B I UK I | 4 Ak d hhddhh A A F hLhh i 4+ - - -4 A+ h o dAdAdh Fhdd L L B Y
LT T T LT T T R T T Tt T T Tt e R L L A T I Y LT I B e e T T
" eEw o . N a o oy - - m W omy oy A - = oy o oa - a4 - N - -y A om -aewom
A EEEE AT A R AT A E R I E A R A E N E A E A E A E E N E A E e ] F . . KRR + N EREEEE A EE I A E A E A -
L] R R T T T e T L N L L N T A N T A ML IR NN I L N L T T L N T I L L L N N L N AR A A + h
1444 ki b 44 § indwdiasndhsdanrdbhdih R ERE A TN La rdl ki b didnn b dunddddrd Eiwmrd b iendd mm dd A dlardddh 14w
LA NN S N N NS B B I S B N P b L dh AL h A Fo EIE IR I N I R R E R IEE I IR N NN Y LIE A N B B B T B -
LI 4.1 a % LI - L] L] a4 % 4.1 4 % 4§ %A B % L N N L ¥ 4 L L I P B ] - * 4 + A % 4 B4 L] L]
1 namdiem N i - i RN N R N ] = ndw i ae ki TanE m r
F hh A L ] - - - - d o4 b ohd L i 4k d v b 4 & L & b ohh A LI B N B R B ) + 4 b4k 44 - LR -
L . LI I R L o EL) LR R N L L) LU L L
qi.' 1 - - d 4 -i.'-l.‘-i."a. 4 b L B ] - - - T i & -I.‘ . [ 5 .'-I. 1
LA T B I R - A R LA i R RN L L N RICIL A RN * 4 LI |
1m i bndduh 1w dd Lo kb ndwdladb 4 1=
+ TN - 4 bt h khdhh Y + h b Ak 4 EEREENE] r
4 + 41 FA4 5 4 0 4 1 4A - LI B L UL L L N N I I N N I L U N B 4 1 F F ¥ 4 1 401 %4 * 4
- n RO R CRC ] R ENE R T E Y R - n - - -
LU B S B B N B N ] - i 4 4 b L B S B I S 4 4kl dddhd o dE LA + 4 L 4 dohhdLdAdddLdddh
a5 bk o+ “a +--i--|..-i‘4 -i--l-.-i‘l i“a.'-l-.-i -I--illi + & 1 -i‘i +
T J"l.-i -i-‘-i.ll.-i-,i l.-i‘ < '.-I.‘l,-i l.'-l. -
+ A EEE R N A E N N T R
L] Ll LRERUE U LRI L] L] ERE U U RE U U T |
- = == i = = = .. = e awmw mw a1 hidd bwses v awss s=wr bhow i 41
L ER IR LK IR LK LK IR EEE N IR LI !
4 - + - - 4 4 A % 4 4+ 4 1T %A+ YA A LA dS AT YA A A
RN R E N Y E N O T e e e e e
L] AR R R A E A E R A A R E N R A R R E A E E E E R I ] 1
-.-i + 4 i‘l"-l-.-i'.l‘i‘h" “a'.-l-‘-i"'l‘-i..i.‘l-qi"\..i‘i.‘-l-.i‘l-qi“a"i-.-i'.l-qi‘h‘ 'rq-i“a.-l-.i LI I ]
1w r i ki1 bk . .‘-I.l‘-i"'a.q B A= 44 b 4444 a4 i 1 4 1 w=did b i ik LS N DL A Y
- - -4 + 4  h hh A EE NS B N S NN B B U N W B R i 4
LT I B N R e LI T I B LI T I AT T R | ERLL T T A I e |
= " mww 3w dw eww - = nw d ww - a [ 8 = w il nww dw - = r L & 4 5=
EREERAEETER K] 14 - IEREEAEREERS L] IR
* ) -“.*-F-+‘-I‘F-.+-.\-‘+-F-‘+ - T“l"«"‘i‘*'!“ "« * 'Ti 'a"'"a"'!il-“T“‘!"a‘ - 1+l"|- il- "‘ i'«"‘"«"‘ Lo - Ry EE RT
e R REERER R R ER IR R EE R I R E R L E E EE A T EE N ] ] " " P N T
. . LI LS A I B I I B B I I I A B T B D I B O O I O B N B B I | - = + 4 L 44 b4 W
- - - - - - -
e e e e T T e e T e T T T T T RN
LA - + 4 kb d Fh rh b hh L hd hE L hkhh A - ¥ 4 Fhhdd - b hhddFa
LT L Y L] LY - 4 F 4R - L] LI * L]
L] e w ok - = < - = w o
A w kL% AR kLA 4 L& - - - - - 4 Ak
LI P I N - i - - . - R T T L A L I
' - Lk T T T L] + - 4+ kb i r I 1k d 4
L] L] T T I IR EEE RN L] + L] LI
- LI L I I I L I B B L O LI N LI L N N R I T B B - 4 F A 1Fa
. R E R E R E R R N AR, - ] - 1 Py K] -
L LRI BE O ML B M B B B B BN I B B I BN O LS N B B B B B B S BE U B B AL B I BN B S B B B B N B B B B S B 8 FR. 4 4 4 4 0 44 + 44 dd +hlddohd LA
LI BN BB I I B N L I B I B B B A B B I B B L B B O B O I | - 4 44 - 4 % % 4 L h TR A d AR a4 AR d A FA L
ATy g A Ay g mE mp . L] R ERE R E R E N E N E T N N oy g omE - R NN
= h b+ dd 4 4 b 4 d dld A b Lhdd L L 4 b 4 & L h Fh b+ hdLh b LhdLh bk bl d ARl h [ + 4 F d b L d dhhLh kA
LR LR - LR - LI RN * L LR 4 LT LR LR L LR LR L L L I L L A I T LR L T R
LI LTl.“-i L] i‘b"‘ . " ﬁ'il‘. -'-I. L] - I“l.‘-l." - .1 !-I.'rq-l. - ‘--'-I.q-l.‘-i.‘-l. -.' 1“.1-..1‘ l“ < q-- - -I.‘-I..'l.‘-\. -.'-I.‘-I.-'l.q-l. -i-'-l.‘-u.'-.qll.-'lq-l.‘ -i“-i‘-l.-' q-l.‘-.' A 11
" LN LI # ol ok b kL hch ko h ok bk hh kA I EREEREE R R TR ] - L)
" FRY R L L) = L - q = L I I I | L] LI N B B L L P N N N N D I B ] LI B ]
Ak nww omd 1wl RN R R R WO ] i 4 onw i
LI R i ] L] + A EE A E R E ] EIE R ]
" ¥ + & i“a + 4 - 4 A % 4 ¥ 4 ‘411- - 4 A4+ 4 ¥ 4 ‘a‘-l- -i'-l-qi LR ‘a.‘ LI i‘il'-l- -I-.i"l‘-i -I-q
l.-l.-i.' - wadhor 4 k1 d & 1 4 d 4 +
L% - - - L O RN N B B I + 4 L 44+ h A +
L) LI | - LI 1] L]
< - =i s 1w 4+
L - N EEREERER] EEEET EEREEE R EE R E N E E L E T ]
LN + * A F A A LY A+ L I B I Y 1
- % - -y omoa - e woRw 4
L] Lddhh LI 1 14 -4dh L]
LY n L B 1 & L IE K BN B L B R - + - LIRS B B B B BR -
' a an - an -
+ IR AT T S T R T T RN L] Tt
- eyt L] st e e e e e e ottt e + L e | L]
4 L4 = b v mw v sw rlowhis oy 1 nww 1w s = = w i1 n1w 1w
AR AR R - 4 + b ddd Fh ol dd o hh o hdd e L B B N N U B N N 4l dhohhdhddd L -
L] L] L) I I e ) A h A % 44 A LT I T A I L R T T A | L L N
- - = oa = d s m= - - N == - L ] - w = - p T a g
. - L BN EAE A EEE A EE N N A ER" R
A4 %% % TR TR TR AT T hh k kT h bk kot A Ak k¥ R 4+ hh b AT A Rk o hd e T T I
T .I- L ‘I-‘d- a -.- ‘d‘l‘l‘l d"l‘l ‘-‘l'-.'-q -.I-‘l‘--‘-q ‘i‘-‘--‘l' oA '-.'-ql ‘I-"l‘-"-ql -.I-q--.-‘ q--.I-‘-ql ‘-q--l‘l.‘l l‘--lql‘--'-ql‘
L] LY - L r 4 4 ¥+ 4 oA LI W B + 4 14 + 4 4 hd ddLadohd L 4 Lk d hh Fhddh ot hAd Ak .
LU T L ] EIE ] 4 L] L) 4 LI LI L] L] LI 1 A 4+
4 8 4 k4§ el - w mowoy - = m il 4 mnEm - nw - - s w R -
% k%W YA - 4 + 4 - - b h koA F - - 4 + & L 4 b4k F
"41- +l"¢‘4““1 L] =7 'ai"ah'!i‘*'a“l"a" L] "a. 'I-+ - 1+l-*'|+1"|.1+
- IR rdhdlword hdbhddd-h 4 4L ! i
L I L] L] 4 4 h F h+ h bk ko + -
= = 9 "o 4 RR A RS §Eg LA A % A %N
w ' w L& - - - rd L 4
-+ - - b -
. 1 4 4 LI I B - + +
. R L] n . L] P
[ B8 - 1 L O O B N N B N B - - - 1
LT T T T T L N T T T ok LR T I L ) L
d -I.‘I,l.ql d & I"-I.ql = 4 l"-l.!l,l.q-i ll'-l. -.'l. B od 4 -‘-I.‘-I.“-. - -I"-I.!l.'lq-i‘-l.'-l. ‘-I 4+ d 4 = -I.!l b i = -I.‘h.'
I R R AR R E R R E R R A E R R E R R N I T T N LI LY
LI M L I L L L L B T P N e - LI N ] q o LI
1akassdarassdisrasssssnessdasldsoessnenmbesessmbesesar 1 a kb
IR EEEEE R IR REEAEEEEERERER] L]
- % 4 -I..-illi !-.-i‘-l.'i‘4.-i.-il'i-‘i‘l'i‘i‘-l-.-i'i‘i‘i‘i.-i'i-.-i‘l‘l“a‘i-‘ [T e i l-.-i 4
-i‘-l-.-i'-ilill.il-l. d & 4 4 L d b L bk dhEohhd d 4 = 4 L 4 b &k - [
= - - i -i‘a-l-‘-i-l--i'ri + 4 ¥ 4 + l--ibi‘ -i‘ + 4 ¥+ 44 -i'r-i‘ - -.-I-i!--i'ri“aii'r‘ -i-. -
. P T i e PP P i e o e L) Py R e T e i N i P i i - P e T T P e P
.. IR Y EIE TR IEEEREEE I E R E E 44 + 444
LI I L] + 4 A kA kA r A L I R A e R L LY LI LI I Y
- ~ n + - - - - g - - - . - -
- AR ERERR" AR EREEAE R R E R E L E N . - IR EAEE R E AR
- - - % 4 4 + 4 ¥ 4 4 b+ 4 A *+ 4 ¥4 A +h Ry hh A L] * 44 4 ¥4 - 4
n - aw n - - - - -
1 T e T T T T T S T T T * TN T .
. - -I--il.-i‘a-i-i-l--ilii-l-i-l‘i i"i'i‘-l*i‘*'.i-'i"-l-qi‘*‘ii - -i-i-l--i-l*i“a" .
"l. -I.‘-.*- -"l..-l.‘l* --q . - 1 . "1'1"-.q-|.‘-|1- -ql.q-l. = v m = adidiwies v < i == =
- + 4 H - - - L d bk Fh ol d bk dh ol dHdh L h - i 4 - & '3
LI T I N - LI T T L W ok kT A L] - LI E I T N L)
= * T * - = mn - T - = T =W OR + - -
] 14 + N EEREENEEERE K] id I EE AR 14 14 L4
B e T N A S L T LT e T T T L T L T T L L T L T or o - . ettt
4w d b ldiwdbddnd Ldda A bl b d A mdwd hord b dldddeddnd b4 TR N Y LA L N e 4k R LN !
L I N I N R RN RN IR NN EREIE AN RN NI NI I IR ] P R I R N L I | L B BN N N N B LI I B B
1+ F = 1 A4 % 4 1 F 1 8 4 E 5 § 8 5= L] oy R AR A =4 FR 4 R R = 4 1 44 1 % A %4 F ¥ + 4 1 1% 4 =& 3 q N T % 4 % 4 =
L] N E R A E A EE R E R N N N RN ] TR R momomoy T aawoww R R NN ]
- 4 4 [ 5 + h A oh Ak h kA LR ] LB B S B S B ) 4 ddd FhAdd Al dd o dh L h A h kA - - 4 4 144 - + - 4k kLA
T T T T e T T T T L AL A R T L R L T TG T I R T LI LT L T R T T I A A
l'-l.qh“i -i‘ -I.‘ - T - l,i!l,l. - l"i I,l. - I,-I-!l, ! i 4 l"i j,-l. i“l. - l,-l.! T nr T - T -.'
A R R L R I R N N R L T R L] - - o
il wdad hdwde b mbhdde = - - 1k - i Lmd = wr hnwhd 1 ad
I E R I EEEEREENR] 4k IR TR R + L]
LY T L B L] - L] i & 4 A ¥ & * - + &
= alwe A n = n rw e wadlw - -
4 Lk bk dh d & b 4 hdlhw hh koA - - 4 b b h ok h b hh LA b &
'r-i“a-l-i!--i - -I--i'r-i‘l-l--i - - -
'a.q-l. -i.'-l..-l."-.q - " m b "-. i b & - r -k 4+ -I."-.q-l. l‘li - - l‘i.‘.‘l-q‘. -i'-l. -i"-l.‘-l. .
I EE R EEEEEER RN T T T T A T T O RN

A1 FAF T

LI N T B T T T T TR T T T o B I e T T i e T I T I e e i D e N T A S e T

-
- e
L] R
EI I 4k + o4
L] 1 L]
o
b+ r .
Tty ey
IR REERE
L .
LS ©L
LI N
LI =
=l
h h

L]
-
- +
1 44

d ko

+ 4

-
L]
+
L

"
-
3

=3 .

‘ = - = . =
-\. LEC TR I BT B D I BT B I
o i 4 4
[ -

L -i- P, - 4+
r A '-I..l
n

-
- - n -a e
I'-I.lli- -i‘- N
-
i!“li-‘ﬂ'
. b+

&L
X
+
L
a
*
..F
+
L
[
*
»

d = d b L b=

L
-

FIG. 9

- L]
1 w4
L
1w
St
A
A dk ok A A L
el
LN L]
1w k4
Ak h b -
'I‘i..'l*-
P T L
LT L L L L
hd h bk Lk ddk
IR RN
LI | L] '
RN
14 I S I I e -
2 -t R L L
T T S T T T S U
LY + 4 F 4 IR L ENERIX LI

f+f AL FEFESYSA PR EAA AT YA T




U.S. Patent Oct. 13, 2020 Sheet 10 of 21 US 10,803,574 B2

100
804

(

Jq-(l.q.
-

-

e Ly
ol .ttn.t.nl.\.n.t.ut.t.\.t.l.t.i.n.t.uiul.i{k
L ]

TErEflITnerTr—-

rt.:?"-

44T T T4

FITETIF /AR PP AR e N B NS PRI PR N P I P e W |
4 4. 4. 4 .8 4. F 4 4. °. 4 L[ .4 4 .4 4. F 4 4. °, 4 .° 4

L’ |

CEEC NN B BN LT R R BN BN B DL LR NN B RN RN LT BN B BN DR B R L

LI BT BN BN B BN RN BN R B RN BN R BEAC DN BN BN BN |

L]
rrearffrreyreyfrrrrYrYerrrrXrrIrefrrr—oT711

800

L L L L L L L

T ET P T EE T E T T T e T s T EL T T T E T T E T E T TE T e T P T T T e T I T 3 T T E T e T T e

P P NP A TN AR S NPT PUE I PR B T BPE IR I AN TR I O IR PR IR PR IO IR W PR TANE U TP [ A TS PR I T PR PR IR S PR TR U POF I T IV P TP A O PO IPF PP I PP I Y IO PR PP I TP PIN IO P PR T AR TP PP PO TP S I TP T PP I I PP B T S I TR TP IO I T PR IPF IO T P R T IO TP I PR Y IO TR A A TR T TR IO PR IR IR A I I T PR I I TR IO I T PO B IO PN IR TP A I T T PR Y IO TIPUF OO WP AN PO I TP P TP W TS T P PP W P IO PR NPT W TR U PR P PR PP PP P U TP W P TN T IV P T N PO AL TN PP I [P PP PR TP W PO N TP PR PR TP 'PUF AR T TP PP P TR AL U TP WP TP

Eod 4.4 4 B4, b4 4 B4 .4 4. %5 4 F. .4 4.4 45,4 4 4. 4. .8 4. F. 4 4 C 4. L4 4.4 4 F .4 4.4 4 1.4 4.4 4.5 4 4.4 4.8 4 £ 4 4.4 4 £ .4 4.4 41 E.4 4.4 4 F.4 4. 4.4 E. 4. L4 4 .41 4 FE .4 405,414 C.4 4.4 4% 4 4.4 4.0 4. F 41 4 6.4 .4 4.1 4 [F.4 41 .05 41 E.4 4. 4.4 FE 4. F. 4 4. .8 4. FE .4 4 .05.4 C.4 4.4 4. % 4 4.4 4.8 4. 0b.41 4 FE. 4. b4 4.4 4,.°%. 4. 4.4 4 F. 4 4.4 4.5 4. F 4.4 .8 4 F 4.4 E. 4 C .4 4.4 41 F .4 4.4 4 F. 4 4.4 4. 5. 4. F .4 4.8 4 F 4 4.4 4.0 .4 L

L.

r
r
P
r
Fa

L RN AL tkththtkhtktkhtkttttkthkkktktkhtktkktktttEttktkttlttttktttLttktktkttkktktkktEihtktittkttttkttttttLttttkttttkttttttkkthtkktttkttktktkktktktittkttttkt

K

HIE-I‘-‘IFI‘-II
.._..'

m W FE a2 Em A rFE LEES EELESET FESET FELES EELESET FE S ET FELES FELESFSLEES ES FE LS FE LE S EELEa s arsfrET rE LE S EE LAES S S FEa =S rFELES FE LES S S RLES N FEAESFELESET NS ETEFEAESrSLES NS LESESa
- TWT YT YW IWETEAWS YW OYESOYEOYEWOEAETYTEINWSOYE YW OYEOYWONEWATTEOAWEOTEW WO OETAAWAYEONEWAAYESEETYEYESOET YA WO OYEOYEEYE YN YW YN ONWOYENONWONYNOYNOYTYONOYNONYEOYEOOEASSEAEYOOETTTEACTATrTEAIEATEALAEYTE T

|
FIG. 10




US 10,803,574 B2

Sheet 11 of 21

Oct. 13, 2020

U.S. Patent

00l

rara— P * y n FEra— O T * M n cete gt e e e e L R L

) TS E RS N
e RS et s ¥
S .u.n. L AT W Ry ._ull.__rﬂ._._

)
*
e

""|'..:

b
v
ot

S N e
Lo N TE LR
ey

L
- m
-
&

ax

e
2

S

=

L -
= moa - r

-'l"l-&l-.ﬁ

L E L LY
L]

) n‘._ ]
. ] "
"y« o R " * Y i il i bbbyt i o
= | L. | . 17 - - . ol ¥ - 1 N ] n " 2. ) o T T . "~ | ] - " - - =
ot # \\ .J- \.... ;...\.\. e A s Ry .{w .m.... .Jw o ¥ e wh?._.__.a .wa. A ¥ \a ._....._X., ARG Tr, - Aa g "y L..w..l ﬂ ..\ .xu- ...\ o .E.\ L A mE W
._u . AFAFAARD KPR RAER Y F Iy h.ﬁ\.ﬁ.\h.ﬁhﬁh‘?.ﬁ.ﬁhﬁ.ﬁ.‘.ﬁk.\.ﬁfﬁ..-..-_.-.._-.H.._-..T.._-.\.._ﬂ.._i.._-..._-_.t.._-_.-.._-..._i..i..—ﬂ..-.-.._-..._f AFRAELERE K ASRF R A B ERAERDF AR E, R ..i.h..._ﬂ.‘-.._ﬂ.._f.._-..v AR RAE L-Li.-..—-.b-H.‘.‘n\;.f.h...—n.l.;ﬂ.\.ﬁf\.ﬁiu.lﬂhi.ﬁ.ﬁ.._-.._1.‘-.._\..1..“1...-_.-..“.._-_.._-...1.._-? FRAAFAF RS ERFELREFEA LD TR EAER A F A E,AFERF .l.h.‘.ﬁ.h.ﬁ.ﬁ.\u.‘“.t.h\.ﬁ.ﬁttn‘._b.ﬁ .u ‘- .
[ ) 1 [ ]
._u. 1 4 “ﬂl
' s

B

=

la.-'::k'lu‘u'u\n

L T Sl S

AR TR AR

N
£ .1

FRm, R R

‘-
L 4
o o S - i %
i 1 ol
R , N TN
.r - ] I )
Fay 1 " .1* g ‘& Ir...
Y. m ¢ “ . ATt eaed .m. - ' “ﬁ.....__..q.__..,___._.q.__.. CIE
Gl 3 A IR
! A F s f._n "
Pl A A TR S ﬁ.._ %..._.
HE N A AR X R AL
3 ﬂ_-.w...-“_ 1 “ 1 s %.- ..l ‘-
E . 3 F
_uu._.“ ._u. 1 1 s F 4 a ‘..
~ .“ ._u_. “_ ' ._.“ “ 1 “ .-..- “l t-
; X o
. T u_." “__ i _;“ u_.._ T B
! .."- L ._I F ey } "t M
| l_ ._.- 1_ 1 ._.___. D e e a w w mx = x w x x mam s = - e T T N_ I h_“ .- W [
, L 45k ——r— . ¥ . < 4 ‘ a &
& o > o o ¥ . » v s ] i ; 2
1 -_“ -"- M at ._u..f '._.. n ’, ' p ] K n
T : oI o i e - - ' - “ 4 'y g
r ? — " Fi L . ..._... ..._._....._u e u" , o 1 .“___- s
“ .. : A o - 3 - 2% . , 2 R ‘ i
‘ ; : rERE T A ; L : 4 I 1 %
1 ! " F l_ __L 1 1 ..._- i h.__... ! "........ tl hu_ a._. r l__ " t- 1 IJ.&
: . S Y ST 4 0 1. Bt t Fi . . o
F- ! M 5 1 uI .m..n_.”-.. _._h.n....,. .".-- \Il‘ “ “ -1. \-. “ 1 ‘..
H] - L 2+ ] a5 [ (OO o L]
¢ ; 1 B T A % VOl : A-H: i [i1:#]
o . 1 1 . o ) " h f
A uﬂ & AN B 0 P R B .u._,.‘_.........u;;.éﬁ.a....w%....ﬁ; e v i ._" : -y % . v
1 1 3 o 1 [
o < A , F i : o
-m -u. 1_ u‘ ﬁ “ ... “ u_l l_-___._._.
| Foon " A r F s ”.t t.- N
" _..w.___.__.__.. - N g > bl ] 4 “u "
5 1 - 1 [
RS ; # b 2 91
SEEN B S s we L a
FEE A R TR 2 %]
Fianl| 4 G
' .u..f.._" . babsbasbdpsissdink aviurdbisddink M. : adusdin A R 4 45
..1 o 1 1 u.t l-
2 et T |
- 1 l .
._u “_ ............................................................................................. = .\ L EEE L LT e “.__ ‘"
¥ 1 3 [ "]
s . . .
"“ __.." 4 m___. y - .n-..-._
G / 2 5
. 1 ' ..l ‘1
T.J hh&hhhtr{%hhhh.\.ﬂ‘tﬂ.ﬁhhhhh FPPFPLPRPPEI IS PLPFPLPERPBFLFP T RIS TP EFPFIT ISP PRSP FrFFry . . FFEFF N FLP PP NPT PSP S ..__...___._?....w.___..___..._.______.._._.___...._..mHhﬁhﬂh.mh#.ﬁhanhﬂhhhHhh._mr{.mhh.ﬁhhﬁ‘thhhkhhh AP RFPIP PP B P RSP FrEASF vu “....,_”
._ML..“.. .ll.ﬂ. ...t..-_ - g i_s..l. - l..l. .—._..J. ...-"-....“. .ttl - f..i = -ﬂﬂx [ .l.-. = ."-.._. - . -, x. * - .._.“..__._. . A 1.: e !._.. . |h._t ) ._n.._.. . .1..-.. £l ‘l“.
Ehan ok ey e e xbc aky ke e ke ik ple ol el - -  aar Lkl ‘- e mnl e b el ‘e bl i mmkt cake ke - il e b | 4 ..... .“r_...vn_v.__.l....._.._..__. FA T TR T T W T e TP R TR T T BT BTk L e l" [
‘1

™

-
L

TN

=

- H =
o
.'*l.l_

I.-l.'-.' '-.'I.-'I"‘.-H"I-‘.

P

BETER L

e e e i e e e P gy e M
b

2y

"u"'l.,:u Syt

:“-"1"- \

1‘+t L

i ~ AP

- . 13 Cl » b ) ...
] - ; _ AN y ; g W
o . e B ., - 3 A A
aﬂ. " R P N N T L - ;
. . . /
. > o o L 3 [ L ol [ N X o of & o of o &« o o o o [ & K [ K] L EF A F 2 a8 & of of oF 8 &F o 0¥ LE 2§ J [ 3 F o LK rFEFd X L. K ol F L E NN " 2 N Flxd [ A K o of o FlF 3 L. wa frlFd [ A K] s L X N3 LN e LN Fofd * LA K3 L .3 Wl LN . oo + ¥ [ A K 3 [ & X I.!.I.-__l ]
,ANJ,. I i L e T e v I i e I e B e e I Y g R e et
L A ..-.m- S g 3 Lh . . ) Wi . . e iw .. .1"‘ L l.-“u o L L -~ -~ . o N -.a.- val. - 1y = .‘w
L e i wnle e b k- e ' m punl e b e b mnk e 2l aun el e b e Sl L B A R L R TP AT LI N B - B L R JRNC R DN R N R B —.L_r-rn—.J rrrrr L) u‘n.r-rn—.r.—...r LI I T R BT R FETOF 4R 1 r L L B N B TR B T R | 4T R T T T 4 F ey T P T T T F Y F 3T ET -

" 006
N,
uu.__i
.r..r ,,,,,, . &\._Jx 'y u.}...twq_.} . .;___.
sowee {8 Y (T



US 10,803,574 B2

Sheet 12 of 21

Oct. 13, 2020

U.S. Patent

A

'y

o,

a -
W R

. 'h"h

| ]
R T e

. .
[ e L

001

00k

1

S
o~

AT A RLALLLIIAL T LS AL AL TR EAL

A R A R T AL AL AR W WL AL AL WL Nh

L

1111111

llllll

v

P

.._l.i..ﬁ\.i..‘. Pt ..I..-....J....I..I..T..‘..‘..i.n!. F g T g o T
L] oy > " .

L T
N
a

[

¥
A
A
.

PRI ]
T

11111

™

e
I~

h-\-“..\.\.kl .

EF W N E F o F )

ot

..I.\-ﬁ:.'.h_.i. L

- T b . .... ¥ J .
0 N N U S S O SO

¥

L T

~

—.._.

FRAFNEEERNENERNEEERNFE NN -R .‘”‘.‘\i.‘.‘.{.‘.ﬁ i W g ) .i.t;...‘..i.-.-..i. .1.‘“‘..\.‘
‘a - ] ; + A ..
5

¢l "Old

L
n.k._ ¥ T+

..__-q\.i.“\...‘..‘..- L
2 ]
: d ¥ -

P Yy
g . & ._.f

ot + F
o S~ - %
- evoberrrertordeoe i L PP |

Wi

i e e
A

..4.1

11111

F =y
TR E R EEF SRRy E R Xy
1111111111111111111
L
| 1
- |
.
L Lr
1
i 1
Tatal alals e
i 1
o
- i
d
[ 1]
L n
%,
o
L 1
1
- 1
PR PPy | ! el B L L L ! e ! o .
h'L°E "L LYAT1'hE BT BT1 S 1R b Ll"1L & "1k 175"k s &1°E R CRTLTETLI S RIS LY
ot =
- - L e
3
-
H
” e
H
; .

-
R R R R R R R

._...__.._..i.__F
7
s
F
4
s
Fl
4
F
4
'
4
A&
* o
B L : .a......_. '
mxprxker P Sy PR, R SR e
N R - . e L — iy
| O wa FLE FF FF Fr FF FF FE N N FF g Fu » ¥ FF FF
ety s it Sl a4 G ;. e e

b
+
X
e e
\
F

I‘rdr

L ..I.\‘....t..‘..l T g W g R g
- - L

e L Rl Sl el R
.

S B R Ly L
i . -

o & Ly

- l i -

N o
2 e
1

ﬁ%ﬁiﬂmw‘h‘hﬁh‘ﬁ#‘hhﬁ !

i
g

i

] ] k " P k] . ] , ]

w

L F g

]

..I...‘_..I.r-i...l._-. i P

I _ F

Bt :

.J.__. [

; _ ¥

. n

1

\ r

- A

1

#

P4

LA P

T R e ey e e T ¥ T p 1 =y T T
FFFER Fr P o O i P F o o EF P o > Fo o »r FF N Far Ly FF o o FF
e Ly i s 2y - 2 g i v it it %

r

006

008

8¢l




U.S. Patent Oct. 13, 2020 Sheet 13 of 21 US 10,803,574 B2

My
'+
e
5’ T
. 1 '
'
Lt 14_"' 2]
L] R k
a = | = g 1 1
. 1o : .
4 l"q-ll-'
[T
r -
] ".: ]
. =
1 LI .
"
----------------------- X - " J
1 . Lot
£
.l
'
\»

I{l X

'
'
-
'
. ..
ne
L L | E_W
" P
=Ex ":-H'l I"':I"I
- = w -
++++++++++++++++++ B e e P T e T P P e i 'l- '
rrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrr '
'
] " ] ; ’ L=
'
L] -

llllllllllll

-
N »
rrrrrrrr
- L et R L,
llllllllllllllllll
uuuuuuuuuuuuuuuuuuuuuuuuu
llllllllllllllll
'''''''''''''''''''''''''''
lllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllll
rrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrr

A d CEENALAddECdHEFAS RS FAdALAESFETLESD BSFEDS A FdAddFEA4Add a4 4 EdFddWddECEEAddEdFddECEFdd Bl FdANATE
llllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllll
L] ! L

........
-------------------------------------------------------------------------------
------------------------------------------------------------------------------
---------------------------------------------------------------------------------
--------------------------------------------------------------------------------

' L > 3 L > > 3 b b P - . 1
*h. i 0 k4 KX FEAdEEFESE X bW FEA KW FEAET FEA WY FEFEA KWL ENY KT EER S EW FES RN S LA AR FEAEW FELMNE KRS 1
!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!

. ' e T T T T T

i\% .k‘;. -. - R . - R \ . \\\H\H\\}&\Q\\ ....................................... - g
o T R 1:.’&@&%&%?‘:":“'r':'="‘f§‘1:i:.:izii':‘fi:i:i:?:f?::::.:f...:.:*; e
. r NHN N\

TR R

------------------------

--------

nnnnnnn
iiiiiiii

1300

.=
M KTCRE Y
T T
1 s r rAAEA T L B e B B e e e e B e B L S
O L L ] R ERENEREERRERREN

_______________ S ﬁ.a\%\g 2R

L
n

FIG. 13




vl "Old

8Cl
8cl

US 10,803,574 B2

[ 1

_"_ 1_ iy

) 1_ o

[ \_ o

_"_ 1_ iy

_‘_ 1_ ..1

1l 1l_ -m

_.___ *, iy

" 1_ o

™ 1_ o
._lllllihlllnu.l.l.l.-lll-_l-_.n.n.-..-lllllllll-.-_H_H.I.llllll-_l-_.-_.n.-.llillllllll.-_H.l.l.l.lll-.ll-_.ﬂ.n.-..-lllllllll anHFllllllIlbiiillllllllll.-_.-.u.l.llllll-_l-_.-_.ﬂ.nl..-lllllllllﬂ.-_u_l.l.llllll-_l.-_.-_.-._-.llllllllln.-.u.u.l.l.l.lll-_ll-_.n.-.u.llllllllll.-_hu.l.ll.llll-_lbiﬁ!llllkllllll#!llulllll_
3 L B et =M m om oM oEm A AT EE EE R EEE B E® A AR A EEEEEm mmealAa A E E e mom FE oy ma s aEE o Em mEeE oy mETA R P E EOE R EEE B E RA AR oA EE EEE BN E& & E AR E ETE E R E EE B OB A N EOETE N OEoE oM OE A& EEOE E OEEE R E E B WM WA R EEEE N EE BB &R ATEEEEE R E E R E A AR s oEom mE e oEm g oaea A E E R E EE R EEAr AR aE . E = mE o mATA T E E E E R E EE R EmA S A EEm mEEEEa s E Em o m o mom oA o am m omE o mom ey A EoEom R oE R E E A A s EmAEEEEEm mmea Al o om FE Em oy m R E A s mE mEom " =y
1
o n
L]
4 n
1
4 n
I ]
4 »
I ]
N, "
f o)
o .
K o
K4 o
K ",
4 J
d "
4 "
2 n
]
%khhlf'r'++;Vu"r"r"+4._...u'_.r'—_r'_..—_.—_.—_..Vu—_—__.—_—_—_—_—_...._.._uu.—_—__.—_—_—_—_—_._..—_.—_..Vu—_—_—_—_—____.—_...._...uu_—______._____.__.__.—_.__._u—__._._____.____._.__uuu_uu_—_____—_____—_.__.__.—_._u—___'r"rrfru;uu"r"r"+»; I N N T N N T T TR R N O N N Y T T R TR R R N N N T - T N TR R N O N N - N R R T N RN N T R N TN R N NN N T N N N NN E N T N I I A T O AT IR T A AT S O S A O N S AN A AP AU AT B 2 A O O A A A
" ; .
A L R L LN '
r

r

- .-q
rrrrrrrrrrrrrr

Y - LN LN
L O ] P 4 rEn " Ea 1E ’
St A g : . [

LI L N N L AN R N v
T
1‘.??1.7.-—.1.—....—.}}}}}}}TT‘**{}{‘.}I}}T}..—I.‘ hl.r-_rr-l.ra.—.r-_r-il‘._.l‘i‘ulal c e g t A A A A A AAAAREFEFSS Y A Y AHAAMAAREHFS+ Ao
1 .-ﬁ_ o’ :::t...:...__....-_ ......n...._......__....__....._.........:_..... = h P o+ H o+
B R N N L N R N hﬂ:}i 3 3 | 3 . E A i d F A F H H W HREEALE LA N NN KRR YR
.ﬁ.___.4._:_.”4.__.__-._._.._.______..-.-#.-..___-.__.__._.__.___-;..4“ ' . Far ol o B NN BN R R EE RN RN NN K RERETEEA A
1.4
H s

AR s s s A
A -

#
’
A
#
4
o

Wy

44)

r 1 L
WRFIPIAFIEE PRI IR IR NG PIEE R I A,
T T T I SRR ErLEy FIVEE " FYVEF VLY.

9Cl

H B B EXEF % ALEENEER
HE E B BEFILSFIXTT EEEESR

R

[ ]
[ ]
F

Pl g e M e e e

oovi

F
F
F
F

LA
.
[ ]
L]
H

90vl

S 8
LI

-,

Sheet 14 of 21

vovi

TMTRERR R RS
n
..-.“ =
ll | 4
v v
Lo

T TTTESrer

LN NN NN ST TN NN TN NN A L N
[ ]
o
[ ]
L]
L]
L]
.

P T e s M M e i e Ny Ty

#,
lilul.n.l.-.i._-.._.ulll.:l-ll.._llu.._lll...-l.-..-..-..lu..-.ﬂ.-..-.lllllli.l._ll!l.llrr.-..n.l.-..ﬁ_.l.lﬂl.-llln.._-l!ll.._llir-.ln.-..-_.-.l.lﬂ.-._-.l.-lnlll-._-llliluli._..n.l.-..lﬂl.-.__nlnl

"
Il.lIllllllilllllllIIIIII..!I‘I‘IIIIIIIIIlil‘ll.lllllll{lhi

— t..u“ 4
' ot
2 ot 1 u.“
’ *4
.............................................................. F, 2 g
= s i bbsiicisimiissss] e
1 [ ¥
~ _ 20 4 R
1 A |1.. L -l vk ll
1 II..I|1LH- L'n ‘4 "u
" \h 't L "l "_._h. "l
‘__.e.. ! ‘ 1 -l T“ ll
! n- 1 -- ...k. l-
s " h 80¥ 1 i
_ . 7 ‘ o
" \ T .1?....... " ‘: u“ "l
_ ¢ ¥ g
o | ¢ Tn, i 5w
' n- L - v&. l-
e " / E 3
c : i o B
1 14 L
' 3 "
" _s“'.l. v Q F ! ”.1 l.
| - PP S
1
|

G A A L A A Yy
o Y

¥

T,

Wt
l..ll
L
T e T N T e e e

h

o
- 1
LS
i
™

1™
/]
"

I.I.'i‘l"‘...II..._{"I“..I.II.-.I"l‘".II.II.I."I‘&.I.II..I.""
N
n
;.I
'“H
4

-_\.J___..u-..u___.._._.ﬂ\\ﬁtﬂ\\\\\\.\_—-ﬁﬁﬁ\\\n\\tﬂ\\ﬁﬁ\ﬂ\\ﬁ\\\\\\\\ﬁ\ﬂ\ﬁ\\\\ AP

AGSERGAAGAAACOOdAMMAMAAMGASARIGAAaadaaaadata0ats
o/

r
e
b I L B -

U.S. Patent



a9l Old

ISt}

-yl

US 10,803,574 B2

LR I I I h

LI |
L] P e |
R
4
o 1
L
-

R
AN

AR
S

d d F F & F &8 FFFFFFF

+ + r -
L N N R N I B
LN L L N
L N N

- ll"!::

L B N N N R N N N
L N N N

L
L)

L N N N N N N N N N N N
L N N r
o FF S FE S F S EF S FFd
L N N N N R N [
L L N N N N N ‘ll a
r
[
L)

Sheet 15 of 21

e e . .
. >,
2 )
1 I.“““@‘ |
\
\ﬂ;‘h‘
\w}
Ny
F
| | | BN |
| | [
L | | BN |
| |
| ] | I
L 1
1 ] | 3 [
| ] | ]
[ ] [ ]
L L
L] L]
L] L]
L] L]
L] L T ] L]
L] L] L]
L] L LI
L] L] L]
L] LI R LR ]
L LY L]
- 4 4 4 4 4 4
- - -
- LB B B 1 - &
- - -
- LK B B ] - 4
- - -
- 4 b ok ok LB ] ]
- - -
- 4 h s ok h A
- - 4
- 4 h s ok h A
- - -
- LB BE B BE TR B B |
- - L)
++ + + + + + +++ + + +[K |
+ + + + + + + + + + +
+ +
+ + + + + + + + + +
+ +*
LB B B B T B DK TR B ]
- -
4 4 b h h hhohhohh ok
- -
L B B ] iii L B B B ‘i‘
LB B ] i‘i LR B B B ] iii
iii*iiiiiiii
4 4 iii 4 4 4 4 b4
L L L L Y
L]
L
% %" TR RN
L
4
| ]

LN B N N B a g J
i.-.-i.-.-i.-.-+++i.-.-i.-.-i.-nll+ 1
....... [
LI I I B A N A N A [+ .
- L I I i R D R O A R A N A R N A | -1
LI I I e D N A N D L] P
LI I I A A A N A N A N N N N N N N N N | -
T B E R DE BE OF B A ] -
L S A L L I L woaa "
T A N A R N A A N I N B aa + o,
L] . L] -
A - r a4 a . +
. ' [] -
-+ r il ' .
e - _ .
r ]
s+ r
L+ r o+
-

FFrr r
For
rrorr -
ror
rrrr r d
ror
rrr rrrr
ror
rrr rrrr

{

Oct. 13, 2020

0051 0091

¢091l

¢09l

U.S. Patent



US 10,803,574 B2

Sheet 16 of 21

Oct. 13, 2020

U.S. Patent

0091

R s

d

w. x.uu.ﬂ...__r -

__t_..-:_....lﬂ-__..l. i

;

e at e

OIS 2, MRS SR AOULISY

«hw..l..-.hv\.hul.f.l., ' \MN‘-\.-” P e L L T L e T L T i T L g il T T L L s T L N Tt g er ,un..n..l.r.n.l._.\.l._u.r...._ .l__ e,
" ’ - 1 )
I r il o+
57 - Lo,
_.1___.' 4 F 11 [ ]
l._“ -_. Y .-. La T
- 1.l|d|-!uln.lrvl-rillnulnnirul1!l!nilvl-!ulﬂ*!ﬁl!!urnnllvlnrulnr-!-lirin-lln.inl-..-l--._--.n.-llvll-.uln-.--.-li-.uln-lnnl-..-l1-.--.-..-ll.-.l-.uln.-l-.-.li-.ulnl...qnl-.ul1-.--.!.-ll.-l--._-ln.-l-.-l1-.u-.n.-l.-nl-.uln-.--.-.lu-.ul-_-._--.nnl-..-l1-.l-.1.--..-ll-.ulninn.-.liruln-llnnu-.ul1-.l-.-..-l.-ll-._-nn.-ln.-.li-.u-.n.-ln.nl-.uln-.l-.-.l1-.ul-.-._--.-n--..-llrlrni-li|lrulni-rvluruln.llnnl!ilirlr-i-ltll.ulnlnr!u!rulnnqul-luﬂiilrvl-! n.-lnl.-.-.ll“
Ll ] i} ]
1.-. u_. _-_ —_..
._..-. ¥ _..._ l..
" n- La .
-_u u-. _-__ l..
".._. » 1". -“
L | ¥ 1,1 [
1.- .1-. _..._ n...
., n-. L 1u.
”u u-_ _”_ l“
& L o ]
-_.- u-. _l_ -_p
”.- .-. ..”_ 1“
ut a ot “...
v i 'n' >
& . Pt} ¥
-_H u-. _-__ -_..
Fa - ) n'
”.- U _“_ —_”
1u .-_. _-_ l.
L] - Py} ']
-_H u-. _-__ -_..
".._. ____. 1"_ t“
- F 1,1 [ ]
"u u_. _“_ l“
o a 'a' ",
F | F 11 [ ]
Tu .- ) n'
" u-. " 'l
- " e
d -_.‘. at s’ :...
[ | .-_ 11 [ ]
. ﬂ. " i . A
L 1 -_.-. -.-. _l_ -_..
1 k ] A n'
-:.-._ -.._. u-_ _-_ :.n
:-...._ ._.u F _..._ l..
nr r L n g
ute N " e ’
w4 ~ -
-.-._ -.- ___-_ _-_ -_..
.__-_.__._ ...u .._. _..._ l...
L [ L n ]
"y u iy ' r.
oo - -
l!.-._ l.- l-. _l_ -_u
l-..-._ ru1 a.-. _i_ 1..
.= [ L) n »
vy o4 - &
na L L r >
vnoon 4 - .
Tt k ___._ M n'
-.-._ -.._. u-_ _-_ :.n
.__-...._ ._.u F _..._ l..
LN .- L .
oL 4 ] L]
m1 11 [
uTy ™ M n
-.-._ -.- ___-_ _-_ -_..
...-_..._ 1u .._. _..._ l...
ra [ L n ]
e -_u... 4" ' .
__."...._1 ‘H .‘” _1:” “.._
= = t-. L -_u
l-_'._ ru a.-. _i_ l...
L) [ L) n ]
LA -.._.. ar ' :...
ml ] .-. 11 l.
“.._“1 ".r ___.. 1". tu_
Pl L | ¥ 1,1 [
W . ___._ A n'
-1.-._ -.._. u-_ _-_ 1.n
:-...._ -_u F _..._ l..
ra r L n .
utat . " ' '
wooh 4 - "
-.-._ -.- ___-_ _-_ -_u.
"-_“._ nu u_. _"_ l“
vy w1 - .
" ‘h .-_. M t.
-.-._ -.- ____. _-_ -_u.
.__-_.__.. TH .1-. _.___ n...
L . N La e
1 iu L-. _l_ 1..
. LN .- L '
-~ -.- “___. _-_ -_u_
1u1 t-. _.___ 1..
"._.. ar _“_ 1”
| F 1 [ ]
" .-.. - e
-_.- u-. _l_ -_..
"u__. - .."_ 1“
- ) 1! L
._.u ..-_ _..._ l...
" .- & ot
-_H u-. _-__ -_..
".._. - 1"_ -“
T F 1,1 [ ]
....- .1-. _..._ l...
. n- La 1."
”H u-. _"_ 1“
i . r ]
-_.- “___. _-_ -_u_
1.- t-. _.___ 1..
".__. ar _“_ 1”
| F 1 [ ]
" .- - e
-_.- u-. _l_ -_..
".- My .."_ 1“
] F 1,1 [
”.-. u-_ _“_ l...
& = Lo ]
-_H u-. _-__ -_..
Fa _- o n'
1.-. “___. _-_ -_..
...h ¥ _..._ n...
1... .‘-. ..l_ l..
o 'f...___....r...___..-__....___...___....T...___ FRIRPEIRPEICICITI ”l. ...___.u.___...__.tﬂ. R e R e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e ‘1...___....__....___...._... ..-“
i ¥ [ |
i

1
.n r "
L]
'S 1M
b N .
i N, b
., CA T Ra E e AN N RN RN R R NN A AN AN N NN NN NN N R NN N NN A RN AN NN R NN LA N R NN LN NN LN AR IR NN EARN NN A

o
r "r

4

e

001



US 10,803,574 B2

Sheet 17 of 21

Oct. 13, 2020

U.S. Patent

0011

viii

clli

VoLl

40103130 AVAE-X

9011

—0LLI

%lm

L
. 5, B L L
seseress e

TR
252505
s
9LLl . \ S80LI

304dN0OS AVA-X

s
ol

¢0l}

Ll Old




US 10,803,574 B2

Sheet 18 of 21

Oct. 13, 2020

U.S. Patent

81 Old

------------------------------
lllllllllllllllllllllllllllll

------------------------------
lllllllllllllllllllllllllllll
||||||||||||||||||||||||||||||
lllllllllllllllllllllllllllll
------------------------------

lllllllllllllllllllllllllllll
llllllllllllllllllllllllllllll
lllllllllllllllllllllllllllllllllllllllllllllllllllllllllll
llllllllllllllllllllllllllllllllllllllllllllllllllllllllllll

lllllllllllllllllllllllllllll
llllllllllllllllllllllllllllll

lllllllllllllllllllllllllllll
llllllllllllllllllllllllllllll

viii S

llllllllllllllllllllllllllllll
lllllllllllllllllllllllllllll
llllllllllllllllllllllllllllll
lllllllllllllllllllllllllllll
llllllllllllllllllllllllllllll
lllllllllllllllllllllllllllll
llllllllllllllllllllllllllllll
lllllllllllllllllllllllllllll
llllllllllllllllllllllllllllllllllllllllllllllllllllllllllll
lllllllllllllllllllllllllllll
llllllllllllllllllllllllllllll
lllllllllllllllllllllllllllll

H S 0L/

AT B

<

o T T
T
T S TS dd

»
4 A
e

/7 g

VoLl AVIA

40103130 AVAE-X

304dN0S AVH-X

9011

0011



US 10,803,574 B2

Sheet 19 of 21

Oct. 13, 2020

U.S. Patent

0L61

0061

06l

40103130 AVA-X

PP
(0 %?##ﬂ?ﬁ##@
L # 1&@.& _

s Q)
G e N A0 LR X K
A et #ﬁﬂiﬁri
+++++¢++#++¢+§
SO

3L6l

o ey
SRS
S N

u_.,mi.mﬂfﬁm

ﬁ‘ ST

Hﬂﬁﬁﬁr+h,

..... N

¢l6l

P STeieTe el
RS SS
S5
ft

vi6l

9061

8061

¢06l

304N0S AVYH-X

6l Old




U.S. Patent Oct. 13, 2020 Sheet 20 of 21 US 10,803,574 B2

2000

LIFT PART CARRIER SUCH THAT PART
CARRIER IS DISENGAGED FROM FEED
ASSEMBLY AND OBJECT MOUNTED ON PART

CARRIER IS POSITIONED BETWEEN X-RAY
SOURCE AND X-RAY DETECTOR

2002

LOWER PART CARRIER SUCH THAT PART
CARRIER IS REENGAGED WITH FEED

ASSEMBLY
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2100

MOVE, BY A ROBOTIC FEED ASSEMBLY
ENCLOSED WITHIN RADIOLOGICAL SHIELD
DEFINING AN OPENING, PART CARRIER FROM

FEED ASSEMBLY THROUGH OPENING TO
POSITION BETWEEN X-RAY SOURCE AND X-
RAY DETECTOR

2102

MOVE, BY THE ROBOTIC FEED ASSEMBLY,
PART CARRIER BACK THROUGH OPENING TO

FEED ASSEMBLY
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INLINE X-RAY MEASUREMENT
APPARATUS AND METHOD

This application claims the benefit of U.S. Provisional
Patent Application 62/186,792, filed Jun. 30, 2015, the entire
content of which 1s incorporated herein by reference.

TECHNICAL FIELD

This disclosure relates to x-ray ispection of objects.

BACKGROUND

X-ray computed tomography (CT) 1s a procedure that uses
computer-processed x-rays to produce tomographic images
of an object. A tomographic 1image of an object 1s an 1mage
ol a conceptually two-dimensional *“slice” of the object. A
computing device may use the tomographic images of the
object to generate a 3-dimensional image of the object.
X-ray CT may be used for industrial purposes to conduct
non-destructive evaluation of objects. X-ray metrology 1s a
related technique 1 which x-rays are used to measure
internal and external dimensions of objects under test.

SUMMARY

In general, this disclosure describes x-ray inspection
apparatuses, systems, and methods for x-ray inspection of
parts or other objects 1n production environments, or other
types of environments.

In one example, this disclosure describes an x-ray mspec-
tion apparatus comprising an X-ray source, an x-ray detector,
and a drive assembly (i.e., a drive mechanism). The drive
assembly 1s configured to lift a part carrier such that the part
carrier 1s disengaged from a feed assembly and an object
mounted on the part carrier 1s positioned between the x-ray
source and the x-ray detector. The feed assembly 1s config-
ured to feed part carriers imnto and out of the x-ray inspection
apparatus. The drive assembly i1s further configured to
subsequently lower the part carrier such that the part carrier
1s reengaged with the feed assembly.

In another example, this disclosure describes a method
comprising: lifting a part carrier such that the part carrier 1s
disengaged from a feed assembly and an object mounted on
the part carrier 1s positioned between an x-ray source and an
x-ray detector, wherein the feed assembly 1s configured to
teed part carriers into and out of a x-ray 1ispection apparatus
comprising the x-ray source and the x-ray detector; and
subsequently lowering the part carrier such that the part
carrier 1s reengaged with the feed assembly.

In another example, this disclosure describes an x-ray
ispection apparatus comprising: an X-ray source, an X-ray
detector, a robotic feed assembly, a radiological shield
enclosing the x-ray source, the x-ray detector, and the
robotic feed assembly. In this example, the radiological
shield defines an opening. The apparatus further comprises
a door configured to selectively cover and uncover the
opening. In this example, the robotic feed assembly 1is
configured to: move a part carrier from a feed assembly,
through the opeming, and to a position between the x-ray
source and the x-ray detector, wherein an object to be
ispected 1s mounted on the part carnier. The robotic feed
assembly 1s configured to subsequently move the part carrier
back through the opening to the feed assembly.

In another example, this disclosure describes a method
comprising: moving, by a robotic feed assembly enclosed
within a radiological shield defining an opening, a part
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carrier from a feed assembly, through the opening, and to a
position between an x-ray source enclosed within the radio-
logical shield and an x-ray detector enclosed within the
radiological shield, wherein an object to be ispected 1s
mounted on the part carrier; and subsequently moving, by
the robotic feed assembly, the part carrier back through the
opening to the feed assembly.

The details of one or more examples are set forth 1n the
accompanying drawings and the description below. Other
features, objects, and advantages will be apparent from the
description, drawings, and claims.

BRIEF DESCRIPTION OF DRAWINGS

FIG. 1 1s a block diagram illustrating an example x-ray
inspection apparatus that may perform one or more tech-
niques of this disclosure.

FIG. 2 1s a schematic diagram illustrating an example
external view of an x-ray inspection apparatus, 1n accor-
dance with a technique of this disclosure.

FIG. 3 1s a schematic diagram illustrating an example
cutaway view of the x-ray mspection apparatus of FIG. 2, 1n
accordance with a technique of this disclosure.

FIG. 4 1s a schematic diagram illustrating an example
overhead plan of external components of the x-ray inspec-
tion apparatus of FIG. 2, in accordance with a techmique of
this disclosure.

FIG. 5 1s a schematic diagram illustrating an example
overhead plan of internal components of the x-ray inspection
apparatus of FIG. 2, in accordance with a technique of this
disclosure.

FIG. 6 1s a schematic diagram illustrating an example
cutaway elevation view of the x-ray mspection apparatus of
FIG. 2, in accordance with a technique of this disclosure.

FIG. 7 1s a perspective view of example x-ray components
of the x-ray inspection apparatus, in accordance with a
technique of this disclosure.

FIG. 8 1s a schematic diagram illustrating an example
external view ol an X-ray inspection apparatus, in accor-
dance with a technique of this disclosure.

FIG. 9 1s a schematic diagram illustrating an example
cutaway view of the x-ray inspection apparatus of FIG. 8, 1n
accordance with a technique of this disclosure.

FIG. 10 1s a schematic diagram illustrating an example
overhead plan of external components of the x-ray inspec-
tion apparatus of FIG. 8, in accordance with a technique of
this disclosure.

FIG. 11 1s a schematic diagram illustrating an example
overhead plan of internal components of the x-ray inspection
apparatus of FIG. 8, in accordance with a technique of this
disclosure.

FIG. 12 1s a schematic diagram illustrating an example
cutaway elevation view of the x-ray inspection apparatus of
FIG. 8, 1n accordance with a technique of this disclosure.

FIG. 13 1s a schematic diagram illustrating an example
external view ol an X-ray inspection apparatus, in accor-
dance with a technique of this disclosure.

FIG. 14 1s a schematic diagram illustrating an example
clevation view of x-ray components ol an x-ray inspection
apparatus, 1 accordance with a technique of this disclosure.

FIG. 15A 15 a schematic diagram 1llustrating an example
computed tomography (CT) rotation drive 1n a retracted
position, 1n accordance with a technique of this disclosure.

FIG. 15B 1s a schematic diagram 1llustrating the example
CT rotation drive of FIG. 15A 1n an extended position, 1n
accordance with a technique of this disclosure.
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FIG. 16 1s a schematic diagram illustrating an example
X-ray inspection apparatus paired with a robotic feeding

unit, in accordance with a technique of this disclosure.

FIG. 17 1s a block diagram illustrating an example x-ray
inspection apparatus, in accordance with a technique of this
disclosure.

FIG. 18 1s a block diagram 1llustrating the example x-ray
inspection apparatus of FIG. 17 when a part carrier 1s lifted
into an inspection area of the x-ray mspection apparatus, 1n
accordance with a technique of this disclosure.

FIG. 19 1s a block diagram illustrating an example x-ray
inspection apparatus, in accordance with a technique of this
disclosure.

FI1G. 20 1s a flowchart illustrating an example operation of
an X-ray ispection apparatus, in accordance with a tech-
nique of this disclosure.

FI1G. 21 1s a tflowchart illustrating an example operation of
an X-ray ispection apparatus, in accordance with a tech-
nique of this disclosure.

DETAILED DESCRIPTION

FIG. 1 1s a block diagram 1llustrating an example x-ray
inspection apparatus 100 that may perform one or more
techniques of this disclosure. An x-ray mspection apparatus
may be also be referred to as an x-ray imaging apparatus. In
the example of FIG. 1, apparatus 100 includes an x-ray
source 102 and an x-ray detector 104. Apparatus 100 may be
referred to as an “inline” X-ray inspection apparatus because
apparatus 100 may 1nspect a flow of products in a production
environment, as opposed to a “per part” basis as done 1n
some systems. That 1s, apparatus 100 may implement an
inline system for continuous x-ray mspection of parts 1n a
production environment. Such x-ray inspection can be com-
puted tomography (CT), digital radiography (DR), auto-
matic defect recognition (ADR), or other types of 1nspec-
tion.

When 1n operation, x-ray source 102 emits an x-ray beam
106. Hence, in some 1nstances, this disclosure may refer to
x-ray source 102 or similar devices as “x-ray generators.” In
some examples, x-ray beam 106 1s cone-shaped. In other
examples, x-ray beam 106 1s fan-shaped. Furthermore, 1n
some examples, x-ray source 102 generates Xx-rays with an
energy range of 20 keV to 600 keV. In other examples, x-ray
source 102 generates x-rays 1n other energy ranges.

Apparatus 100 may include various types of x-ray detec-
tors. For example, x-ray detector 104 may include a flat
panel x-ray detector (FPD). In other examples, x-ray detec-
tor 104 may include a lens-coupled scintillation detector, a
linear diode array (LDA), or another type of x-ray detector.
A FPD may include a layer of scintillation material, such as
Cesium Jodide fabricated on amorphous silicon on a glass
detector array. The scintillator layer absorbs x-rays and
emits visible light photons that are, 1n turn, detected by a
solid state detector. The detector pixel size may range from
tens to hundreds of micrometers. In some examples where
x-ray detector 104 comprises a flat-panel x-ray detector, the
pixel size of x-ray detector 104 may be 1n the range of 25
micrometers to 250 micrometers. In some examples, the
pixel size of x-ray detector 104 may be in the range of
approximately 25 micrometers to approximately 250
micrometers. Furthermore, the field of view of common
commercial FPDs may range from approximately 100 mm
to 500 mm. Commercial FPDs may be used in applications
requiring large fields of view.

High-resolution applications may use lens-coupled detec-
tors that use an optical lens to relay emitted visible light to
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a detector, such as a charge-coupled device (CCD) or a
complementary metal-oxide-semiconductor (CMOS) detec-
tor. In some examples, the lens may provide magnification
in the range of 1x to 100x, thus making the effective pixel
size between 0.1 to 20 micrometers. In some examples
where x-ray detector 104 comprises a lens-coupled detector,
the pixel size of x-ray detector 104 1s 1n a range of 0.1
micrometers to 10 micrometers. Furthermore, in some
examples where x-ray detector 104 comprises a lens-
coupled detector, the field of view may range from 0.2 mm
to 25 mm.

In addition to x-ray source 102 and x-ray detector 104,
apparatus 100 comprises a feed assembly. Because of the
perspective of FIG. 1, the feed assembly i1s not wholly
visible. The feed assembly conveys part carriers, such as part
carrier 110, into and out of an inspection area of apparatus
100. The feed assembly may be implemented in various
ways. For example, the feed assembly may be implemented
using a ring drive (such as that shown 1n FIG. 16, which 1s
discussed 1n detail below), a serpentine track (such as that
shown i FIG. 5, which 1s discussed in detail below), a
perforated conveyor belt, a chain drive, or another type of
assembly for moving one or more part carriers into and out
of the mspection area of apparatus 100. This disclosure may
also refer to part carriers as “carrier platens.”

In the example of FIG. 1, the feed assembly conveys part
carriers 1n a direction into and out of the page. Hence, the
feed assembly 1s omitted from FIG. 1. However, FIG. 1 does
show two carrier support members 108 of the feed assembly,
one on either side of part carrier 110. However, 1n other
examples, carrier support members 108 are differently
aligned or disposed.

A part carrier 1s an object designed for supporting objects
(e.g., parts) to be mspected by apparatus 100. In several
figures of this disclosure, part carriers are shown as being
disc-shaped. However, 1n other examples, part carriers may
have different shapes, such as squares, rectangles, ovals, or
other shapes. Furthermore, throughout the figures of this
disclosure, part carriers are shown as having flat top sur-
faces. However, 1n other examples, part carriers may have
differently formed top surfaces. For instance, part carriers
may be convex, concave, beveled, or have raised outer
edges.

In some examples, part support members are mounted on
part carriers. In some examples, part support members are
formed on part carriers. Part support members are designed
to support particular types ol objects to be inspected by
apparatus 100. Part support members may be designed to
hold an object at a constant position relative to a part carrier.
Part support members may be specifically formed to support
particular types of objects. Part support members may be
formed from a material substantially transparent to x-rays,
such that part support members do not give rise, 1 radio-
graphs, to artifacts that disrupt the mspection process being
performed.

In the example of FIG. 1, part support members 114
support an object 116. Furthermore, 1n the example of FIG.
1, part support members 114 are triangular shaped objects.
However, part support members may have a wide variety of
shapes specifically created for holding particular types of

objects. For instance, part support members may be ring-
shaped, may comprise a set of prongs, and so on. In the
example of FIG. 1, object 116 1s spherical. However, 1n other
examples, object 116 may be a wide variety of items, such
as artificial heart valves and other medical devices, elec-
tronic components, and so on.
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Because part support members 114 may be specifically
created for holding particular types of objects, part carriers
may be formed in such a way that variously shaped part
support members may be mounted on the part carriers. For

example, a part carrier may be formed to define a set of 5

holes. In this example, part support members may have
engagement members formed to {it mnto one or more of the
holes. For instance, 1n the example of FIG. 1, part support
members 114 have peg-shaped engagement members 118
that engage holes defined in an upper surface of part carrier
110.

In some examples, part carriers and part support members
comprise magnets and/or have magnetic properties. As such,
part support members may be mounted on and held 1n place
on part carriers using magnetic fixturing. In other words,
magnetic fields hold part support members in place on part
carriers. In thus way, a part carrier may include magnets
arranged to mount a part support member to the part carrier,
the part support member configured to support an object for
inspection. Thus, 1t may be unnecessary for part support
members 114 to have engagement members 118 as shown in
the example of FIG. 1 or for part carriers to define holes for
accepting engagement members of part support members. In
some such examples, part carriers may comprise 400 series
stainless steel tops to allow for magnetic fixturing.

In some examples, part support members are detachable
from part carriers. Thus, with different part support members
mounted on part carriers, the part carriers may be reused for
different types of objects to be inspected. Thus, part carriers
do not need to be specialized for particular types of objects.
Thus, special tooling required for inspection of different
parts may be minimized or eliminated. In some examples,
apparatus 100, as a whole, may provide a “neutral” means to
pass parts through the system without internal equipment
tooling changes.

In the example of FIG. 1, when the feed assembly conveys
a part carrier to the mnspection area of apparatus 100, the feed
assembly positions part carrier 110 directly above a lift
member 120 of a drive assembly 122. In the example of FIG.
1, drive assembly 122 raises lift member 120 such that Iift
member 120 engages a lower surface of part carrier 110 and
lifts part carrnier 110 off carrier support members 108 of the
feed assembly, as indicated by the vertical arrows. In this
way, drive assembly 122 may vertically position object 116
into an elevated inspection area between x-ray source 102
and x-ray detector 104.

Thus, apparatus 100 may comprise x-ray source 102,
x-ray detector 104, and drive assembly 122. Drive assembly
122 may be configured to liit a part carrier such that the part
carrier 1s disengaged from a feed assembly and an object
mounted on the part carrier 1s positioned between x-ray
source 102 and x-ray detector 104. The part carrier 1s
configured to feed part carriers mto and out of the x-ray
inspection apparatus 100. Drive assembly 122 1s further
configured to subsequently lower the part carrier such that
the part carrier 1s reengaged with the feed assembly.

When object 116 1s 1n the elevated inspection area, as
shown 1 FIG. 1, x-ray detector 104 may detect x-rays
generated by x-ray source 102 that pass through object 116.
An 1mage processing system 124 processes signals (e.g.,
clectrical signals, optical signals, etc.) corresponding to the
detected x-rays to generate radiographs of object 116. Image
processing system 124 may include one or more computing,
devices.

Furthermore, when object 116 1s in the elevated 1nspec-
tion area, drive assembly 122 may rotate lift member 120,
and 1n doing so, drive assembly 122 may lift part carrier 110
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and object 116. Hence, drive assembly 122 may be config-
ured to rotate part carrier 110 while part carrier 110 1s
disengaged from the feed assembly. This may enable image
processing system 124 to generate radiographs of object 116
from multiple rotation angles. In some examples, 1mage
processing system 124 processes the radiographs according
to a process known as computed tomography (CT) to
generate a 3-dimensional (3D) image of object 116. Fur-
thermore, 1n some examples, 1mage processing system 124
employs CT-based metrology inspection (e.g., dimensional
ispection).

In some examples, drive assembly 122 raises and rotates
l1ift member 120 such that apparatus 100 1s able to generate
radiographs of object 116 has various angles and elevations
in accordance with a technique called “helical computed
tomography.” In such examples, a ray {from x-ray source 102
may trace a helical pattern on object 116 as drive assembly
122 raises and rotates object 116. Helical computed tomog-
raphy may be usetul for inspecting elongated objects.

After apparatus 100 has captured suthicient radiographs of
object 116, drive assembly 122 may lower lift member 120
such that part carrier 110 again rests on carrier support
members 108 of the feed assembly and lift member 120
disengages from part carrier 110. After lift member 120
disengages from part carrier 110, the feed assembly may
remove part carrier 110 from the mspection area of appara-
tus 100 and bring another part carrier into the inspection area
ol apparatus 100.

In the example of FIG. 1, x-ray source 102, x-ray detector
104, and drive assembly 122 are mounted to a base 126. In
some examples, base 126 1s a solid, heavy material, such as
granite. Moreover, 1n the example of FIG. 1, base 126 rests
on vibration 1solators 128. Vibration isolators 128 may
include or be made of various vibration dampening materi-
als, such as rubbers, gels, and so on. Vibration 1solators 128,
plus the weight of base 126, may serve to isolate x-ray
source 102, x-ray detector 104, and drive assembly 122 from
external vibration. In some examples, no part of the feed
assembly 1s 1n direct contact with base 126 or any compo-
nent mounted to base 126. Thus, x-ray source 102 and x-ray
detector 104 may be vibrationally 1solated from the feed
assembly. Furthermore, when lift member 120 lifts part
carrier 110 off carrier support members 108 of the feed
assembly, part carrier 110 and hence object 116 are vibra-
tionally 1solated from the feed assembly. Thus, x-ray source
102, x-ray detector 104, and drive assembly 122 (e.g., CT
rotation stage) are all mechanically attached together 1n a
single assembly which 1s vibration isolated from the rest of
the system and the outside world. Such vibrational 1solation
may prevent artifacts in radiographs resulting from vibra-
tions.

In some examples, x-ray source 102 may remain powered
and may continue generating x-rays even when apparatus 1s
not generating radiographs of objects. For instance, x-ray
source 102 may continue generating x-rays while the feed
assembly 1s conveying part carriers mto and out of an
inspection area of apparatus 100. Keeping x-ray source 102
powered on 1n this fashion may help ensure x-rays generated
by x-ray source 102 have a consistent energy level and may
reduce costs of operating and/or maintaining apparatus 100.
However, leaving x-ray source 102 powered up may present
a salety hazard to operators and adjacent personnel 1f x-ray
source 102 remains powered up as parts are moved 1nto and
out of the mspection area.

As described elsewhere 1n this disclosure, a radiological
shield (not shown 1n FIG. 1) of apparatus 100 may be shaped
to substantially prevent emission (e.g., emission at levels
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potentially harmiul to humans) of x-rays mto an environ-
ment outside x-ray inspection apparatus 100. For instance,
shielding along a curved flow path may allow apparatus 100
to remain open while the x-ray beam 1s on, potentially
allowing x-ray source 102 to safely remain energized for
extended periods of time, providing for greater stability.
Thus, apparatus 100 may a provide solution for the problem
of leaving x-ray source 102 powered on while allowing parts
to pass mto and out of the protective radiographic shield
while protecting personnel. In some examples, the radio-
logical shield may include, or consist of, a steel sheet metal
outer skin which 1s internally lined with lead for radio-
graphic protection. The inside of the cabinet (e.g., surfaces
within the radiological shield) may be lined with either
aluminum or epoxy paint, to minimize x-ray scatter. This
may allow a smaller cabinet to be used than 1s typical in
conventional machines

Furthermore, in the example of FIG. 1, x-ray source 102
1s equipped with a tube shutter 130. Tube shutter 130 may
block x-rays generated by x-ray source 102 from exiting
x-ray source 102. In examples where x-ray source 102
continues to generate x-rays, tube shutter 130 may close
while the feed apparatus to conveying part carriers into and
out of the inspection area of apparatus 100. Tube shutter 130
may reopen when a part carrier 1s 1n position 1n the mspec-
tion area of apparatus 100. Having tube shutter 130 blocking,
X-rays from exiting x-ray source 102 may prevent unneces-
sary damage to x-ray detector 104 from continuous exposure
to X-rays.

In some examples, the curved radiological shield may
substantially prevent emission of x-rays into the environ-
ment without requiring opening and closing doors to admait
objects to be inspected into apparatus 100, such as by
blocking or shielding the x-rays from the environment.
However, in other examples, apparatus 100 may comprise
doors or shutters at feed tubes that feed part carriers into and
out of apparatus 100. Such doors or shutters may provide
additional radiation shielding. Such doors or shutters may
have a mechanical interlock with tube shutter 130 such that
tube shutter 130 1s closed when the doors or shutters are
open, and vice versa.

Furthermore, in some examples, a beam collimator may
also be athixed near x-ray source 102 to reduce x-ray scatter,
radiation shielding requirements and improve 1image quality.
The beam collimator may narrow a beam of x-rays emitted
by x-ray source 102.

Multiple part carriers may be present on the feed assem-
bly at one time. Thus, there may be a queue of incoming part
carriers carrying objects waiting to be inspected and a queue
ol outgoing part carriers carrying objects that apparatus 100
has inspected. The feed assembly may stop movement of all
part carriers when apparatus 100 1s inspecting an object
mounted on any of the part carriers. Thus, the movement of
part carriers on the feed assembly 1s not continuous. In other
words, the feed assembly may index multiple parts into and
out of apparatus 100. However, part carriers may still move
through apparatus 100 at a desired level of throughput.

In some examples, image processing system 124 may take
a period of time to generate and analyze radiographs based
on an object mounted on a part carrier. Because of the
radiological shielding of apparatus 100, part carriers (or
objects mounted on the part carriers) in the queue of
outgoing part carriers may not be available to be removed
for a time period aifter they are mspected. During this time
period while a part carrier 1s 1n the queue of outgoing part
carriers, 1mage processing system 124 may be generating
and analyzing the radiographs for an object mounted on the
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part carrier. Thus, by the time the part carrier has exited the
queue ol outgoing part carriers, 1mage processing system
124 may have completed the analysis. For instance, image
processing system 124 may be able to determine whether the
object mounted on the part carrier 1s or 1s not conforming
(e.g., defective). In other words, apparatus 100 may provide
a physical queue of parts within apparatus 100 in order to
allow for adequate CT reconstruction time before the parts
are discharged and sorted from apparatus 100.

Thus, image processing system 124 may determine, based
on radiographs of object 116 generated by x-ray detector
104, whether object 116 conforms to a standard. In other
words, 1mage processing system 124 may determine
whether object 116 passes or fails mmspection. Furthermore,
image processing system 124 may output an indication of
whether object 116 conforms to the standard. In some
istances, a robotic assembly 1s configured to place the
object at different positions depending on the indication. For
instance, when object 116 1s indexed to the out feed position,
a “pass/fail” status may be indicated 1n a handshake signal
sent to the feeding robot, allowing the part to be sorted 1nto
pass/fail locations. In some examples, a marking system
such as laser, ink, stamping, or other method can be inte-
grated into the system 1n order to identity the inspection
results (e.g., pass, fail).

In some examples, apparatus 100 may include or may be
accompanied by equipment configured to load and unload
part carriers from the feed assembly. In some examples, the
equipment may position part carriers (or objects mounted
thereon) at different locations, based on the outcome of the
analysis by image processing system 124. In other examples,
humans may load and unload part carriers. Thus, apparatus
100 may be operated as a stand-alone device, directly
operated by a human, or mtegrated into a production line 1n
a fully automated application.

Although not 1illustrated 1n the example of FIG. 1, appa-
ratus 100 may comprise devices, such as heat exchangers,
air conditioning units, air filters, or other devices, to control
the air temperature within apparatus 100. Thus, apparatus
100 may perform inspections conditions that are vibration
1solated, temperature controlled, and with x-ray source 102
powered up 1n a steady state. Furthermore, curved shielding
paths for parts entering and exiting the test chamber (e.g.,
inspection area of apparatus 100) may also allow the test
chamber to be maintained at a constant, stable temperature
and humidity during inspection. Devices may be added for
controlling air punity, air quality, temperature, humidity, or
any other air characteristics.

In some examples, respective part carriers are equipped
with respective 1dentification tags. Such identification tags
may be Radio Frequency Identification (RFID) tags, optical
code tags (e.g., bar codes, Quick Response (QR) codes),
and/or other types of indicia. In some examples, an 1denti-
fication tag of a part carrier may indicate a type of object
mounted on the part carrier. In some examples, an i1dentifi-
cation tag of a part carrier may indicate a type of a part
support member mounted on the part carrier. A tag reader of
apparatus 100 (not shown) may be configured to read
information from an 1dentification tag of a part carrier. Based
on the mformation read from the identification tag, appara-
tus 100 may select or otherwise determine an inspection
process for an object mounted on the part carrier. The
determined inspection process may be one of a plurality of
ispection processes that x-ray ispection apparatus 100 1s
configured to perform. Thus, the information read from an
identification tag of a part carrier may indicate to apparatus
100 a recipe to use for inspecting an object mounted on the
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part carrier. Apparatus 100 may perform the determined
inspection process with regard to the object mounted on the
part carrier. Thus, apparatus 100 may perform diflerent
inspection processes for diflerent types of objects mounted
on different part carriers. This may allow objects of different
types to be fed into apparatus 100 for inspection. The
determination of the mspection process and the performance
of the determined 1nspection process may be performed at
least 1n part by one or more processors (€.g., miCroproces-
sors or other types of integrated circuits) of apparatus 100.

An 1nspection process may include generating particular
radiographs and analyzing the generated radiographs to
determine whether an object conforms to a standard. For
instance, an mspection process may comprise generating a
particular number of radiographs with particular positioning
characteristics, exposure characteristics (e.g., radiation
intensity levels, exposure times, etc.), and other character-
istics. The positioning characteristics for a radiograph may
comprise a vertical height to which the part carrier 1s lifted
for the radiograph and an angle of rotation for the radio-
graph. The positioning characteristics may also involve
horizontal and/or vertical positions of x-ray source 102
and/or x-ray detector 104. Determining whether the object
conforms to the standard may include applying various
criteria to determine whether the object sufliciently con-
forms to the standard. For instance, the mspection process
may specily particular size tolerances and other critena.
Apparatus 100 may use such criteria in determining whether
the object passes 1nspection. In this way, 1n some examples,
one or more processors ol apparatus 100 may determine,
based on information read from an identification tag of a part
carrier, at least one of: how many radiographs to generate to
ispect the object, positioning characteristics of the radio-
graphs, exposure characteristics of the radiographs, and a
standard.

FIG. 2 1s a schematic diagram illustrating an example
external view of x-ray inspection apparatus 100, 1n accor-
dance with a technique of this disclosure. In the example of
FIG. 2, apparatus 100 includes an external cover 200.
External cover 200 encloses most of apparatus 100, includ-
ing x-ray source 102, x-ray detector 104, drive assembly
122, and other components of apparatus 100. However,
external cover 200 does not enclose an area for loading
objects onto and ofl of part carriers 202. A top cover, or other
panels, of external cover 200 may be removable for access
to mternal components (e.g., CT components).

In the example of FIG. 2, the feed assembly moves part
carriers 202 in a counter-clockwise direction, bringing part
carriers into apparatus 100 at a right opening 204 defined 1n
external cover 200 and carrying part carriers out of appara-
tus 100 at a left opening 206 defined 1n external cover 200.
Objects to be inspected may be loaded onto part carriers at
an infeed position 208. Objects mspected by apparatus 100
may be unloaded from part carriers at an outfeed position
210. Objects may be loaded and/or unloaded manually by a
person, or mechanically (e.g., using a robot). In the example
of FIG. 2, the feed assembly 1s shown as comprising a track
212. Thus, apparatus 100 may provide separate, discrete
input and output locations on order to keep tested and
untested products from being confused by a human operator.

FIG. 3 1s a schematic diagram illustrating an example
cutaway view ol x-ray mnspection apparatus 100 of FIG. 2,
in accordance with a technique of this disclosure. In the
example of FIG. 3, the feed mechanism moves part carriers
to an mspection area 300 located between x-ray source 102
and x-ray detector 104. A radiological shield 302 1s posi-
tioned and shaped to prevent x-rays generated by x-ray
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source 102 from escaping openings 304, 306 defined 1n
radiological shield 302. Thus, 1n some examples, apparatus
100 may be able to capture x-ray radiographs of objects
without opening and closing physical doors to prevent
radiation from escaping apparatus 100. Openings 304, 306
align with opemings 204, 206 defined 1n external cover 200
(FI1G. 2), for entry and exit of part carriers carrying objects
to be inspected. As shown 1n the example of FIG. 3 and other
examples, a top of radiological shield 302 may be removable
for access to internal components (e.g., CT components).

FIG. 4 1s a schematic diagram illustrating an example
overhead plan of external components of x-ray inspection
apparatus 100 of FIG. 2, mn accordance with a technique of
this disclosure. In the example of FIG. 4, apparatus 100 1s
72.0 mnches (182.88 centimeters) 1n length and 40.0 inches
(101.6 centimeters) wide. Thus, 1n the example of FIG. 4,
apparatus 100 may be suited for inspection of relatively
small objects. However, apparatus 100 may have other sizes.

As shown in the example of FIG. 4, part carriers 202 may
be formed to define a set of holes. In the example of FIG. 4,
the holes have a radial pattern from the centers of part
carriers 202. However, on other example, the holes may be
differently arranged. The holes defined 1n part carriers 202
may be shaped to accept attachment portions of part support
members, such as pegs extending from lower surfaces of
part support members.

FIG. § 1s a schematic diagram illustrating an example
overhead plan of internal components of the xX-ray 1nspection
apparatus 100 of FIG. 2, n accordance with a technique of
this disclosure. In the example of FIG. 5, a part carrier 400
1s located at inspection area 300, near the center of apparatus
100. While at inspection area 300, part carrier 400 1s located
above drive assembly 122. Drive assembly 122 may lift part
carrier 400 from the feed assembly, thereby 1solating part
carrier 400 from vibrations of the feed assembly during
ispection ol an object positioned on part carrier 400.

In the example of FIG. 5, when a part (or other object) 1s
located at mnspection area 300, a maximum distance from the
part to an x-ray tube of x-ray source 102 may be 10.000
inches (25.4 centimeters). Furthermore, 1n the example of
FIG. §, a distance from the x-ray tube to x-ray detector
40.000 inches (101.6 centimeters). In other examples, other
distances and dimensions are possible.

FIG. 6 1s a schematic diagram illustrating an example
cutaway elevation view of x-ray mspection apparatus 100 of
FIG. 2, in accordance with a technique of this disclosure.
FIG. 6 1s generally similar to FIG. 1. In the example of FIG.
6, part carriers are located 10.375 inches (26.3525 centime-
ters) above a lower side of apparatus 100. Furthermore, in
the example of FIG. 6, apparatus 100 15 a total of 30.500
inches tall (77.47 centimeters). In other examples, other
dimensions are possible. For instance, 1n various examples,
apparatus 100 may be installed on a table top, a stand, or
integrated into a production line.

FIG. 7 1s a perspective view of example x-ray components
of x-ray inspection apparatus 100, in accordance with a
technique of this disclosure. In the example of FIG. 7, x-ray
source 102, which 1s labeled “tube 102” 1n FIG. 7, and x-ray
detector 104, which 1s labeled “detector 104” 1n FIG. 7, are
mounted on base 126. In the example of FIG. 7, base 126 1s
formed from granite. Base 126 rests on vibration isolators
128. Drive assembly 122, which 1n the example of FIG. 7 1s
a CT rotation drive, 1s also mounted on base 126. In the
example of FIG. 7, x-ray source 102 i1s a Hamamatsu
[L12161 x-ray generator and x-ray detector 104 1s a Varian
2520 x-ray detector. In other examples, other types of x-ray
generators and x-ray detectors are used.
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In the example of FIG. 7, tube 102 1s mounted on a
support member 700. Support member 700 1s coupled with
a vertical translation drive 702 and a horizontal translation
drive 704. Vertical translation drive 702 1s equipped to move
tube 102 1n a vertical direction. Horizontal translation drive
704 1s equipped to move tube 102 horizontally (e.g., toward
x-ray detector 104).

Similarly, x-ray detector 104 1s mounted on a support
member 706. Support member 706 1s coupled with a vertical
translation drive 708 and a horizontal translation drive 710.
Vertical translation drive 708 1s equipped to move tube 102
in a vertical direction. Horizontal translation drive 710 1s
equipped to move tube 102 horizontally (e.g., toward tube
102). X-ray source 102 and x-ray detector 104 may be
moved vertically to mspect objects of various sizes. Fur-
thermore, x-ray source 102 and x-ray detector 104 may be
moved vertically to accomplish helical x-ray tomography.
X-ray source 102 and/or x-ray detector 104 may be moved
horizontally to achieve different degrees of geometric mag-
nification.

FIG. 8 1s a schematic diagram illustrating an example
external view ol an X-ray inspection apparatus 100, 1n
accordance with a technique of this disclosure. Similar to the
example of FIG. 2, in the example of FIG. 8, apparatus 100
includes an external case 800. In the example of FIG. 8,
external case 800 1s labeled a “cosmetic case” because
external case 800 does not necessarily perform a functional
role, such as radiological shielding, but rather may exist for
aesthetic or safety reasons.

As shown 1n the example of FIG. 8, the feed assembly for
taking part carriers 802 into and out of apparatus 100
comprises a ring 804 instead of a serpentine track. Ring 804
1s an annular-shaped object for carrying part carriers 802.
Thus, x-ray ispection apparatus 100 may comprise an
annular ring drive supporting one or more part carriers.
Thus, ring 804 may be an example of carrier support
members 108. In the example of FIG. 8, ring 804 1s shaped
to define a plurality of inlets 806 (i.e., notches) from an outer
cedge 808 of ring 804. Part carriers 802 may be slipped onto
ring 804 by inserting, toward a center of ring 804, respective
carrier engagement members extending distally (e.g., down-
ward), relative to top surfaces of part carriers 802, from
centers of part carriers 802. The carrier engagement mem-
bers may be disc-shaped with radi1 smaller than radi of part
carriers 802.

FIG. 9 1s a schematic diagram illustrating an example
cutaway view ol x-ray mnspection apparatus 100 of FIG. 8,
in accordance with a technique of this disclosure. The
example of FIG. 9 corresponds to the example of FI1G. 8 with
external case 800 and a top portion of a shielding cabinet
900 removed. As shown 1n the example of FIG. 9, ring 804,
which 1s labeled “ring drive 804” in the example of FIG. 9,
rotates 1 a counter-clockwise direction 901 to bring part
carriers through feed tunnels 902 into and out of an inspec-
tion area 904 located between x-ray source 102 and x-ray
detector 104 of apparatus 100. In other examples, ring 804
may rotate 1n a clockwise direction. Thus, ring 804 may
rotate to feed part carriers into and out of apparatus 100.

Feed tunnels 902 include a radiological shielding material
and are shaped to prevent x-rays generated by x-ray source
102 from escaping apparatus 100. Thus, 1n some examples,
apparatus 100 may be able to capture x-ray radiographs of
objects without opening and closing physical doors to pre-
vent radiation from escaping apparatus 100.

The rotation of ring 804 may cease when a part carrier 1s
in 1spection area 904 and radiographs are being taken of an
object mounted on the part carrier. After the radiographs
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have been taken and the part carrier has been lowered back
onto ring 804, ring 804 may rotate again to bring a next part
carrier into mspection area 904.

FIG. 10 1s a schematic diagram illustrating an example
overhead plan of external components of x-ray inspection
apparatus 100 of FIG. 8, 1n accordance with a techmque of
this disclosure. In the example of FIG. 10, external case 800
1s shown on apparatus 100. External case 800 covers most
of apparatus 100 except for a loading and unloading area
1000 of ring 804. In the example of FIG. 10, apparatus 100
1s 46.0 inches (116.84 centimeters) wide. In other examples,
apparatus 100 has different widths.

FIG. 11 1s a schematic diagram illustrating an example
overhead plan of internal components of Xx-ray inspection
apparatus 100 of FIG. 8, in accordance with a technique of
this disclosure. In the example of FIG. 11, ring 804 rotates
to convey part carriers 1100 to mspection area 904, which 1s
located between x-ray source 102 and x-ray detector 104. In
the example of FIG. 11, ning 804 has a diameter of 36 inches
(91.44 centimeters). In other examples, rning 804 has difler-
ent diameters.

FIG. 12 1s a schematic diagram illustrating an example
cutaway elevation view of x-ray mspection apparatus 100 of
FIG. 8, in accordance with a technique of this disclosure. In
the example of FIG. 12, apparatus 100 1s 30.75 inches
(78.105 centimeters) tall and 74.0 inches (187.96 centime-
ters long). Furthermore, in the example of FIG. 12, part
carriers are loaded and unloaded at a height of 9.75 inches
(24.765 centimeters) above a bottom surface of apparatus
100. In other words, the feed height of apparatus 100 1s 9.75
inches (24.765 centimeters). In other examples, other
dimensions are used.

FIG. 13 1s a schematic diagram illustrating an example
external view of x-ray inspection apparatus 100, 1n accor-
dance with a technique of this disclosure. In the example of
FIG. 13, apparatus 100 may operate 1n a similar fashion as
in FIGS. 8-12. However, in the example of FIG. 13, an
external case 1300 1s diflerently shaped from the examples
of FIGS. 8-12.

FIG. 14 1s a schematic diagram illustrating an example
clevation view of x-ray components of X-ray inspection
apparatus 100, in accordance with a technique of this
disclosure. In the example of FIG. 14, x-ray source 102 is
equipped with tube shutter 130. X-ray source 102 1is
mounted to a support member 1400 having a horizontal
drive assembly configured to move x-ray source 102 toward
and away from an axis 1402. In some examples, axis 1402
corresponds to an axis of rotation of a part carrier 1404 when
positioned 1n an inspection area of apparatus 100. In the
example of FIG. 14, the horizontal drive assembly of
support member 1400 1s configured to position X-ray source
102 at a distance from O inches (0 centimeters) to 14 inches
(35.56 centimeters) from axis 1402. In other examples, other
dimensions or ranges are used.

Similarly, in the example of FIG. 14, x-ray detector 104
1s mounted to a support member 1406 having a horizontal
drive assembly configure to move x-ray detector 104 toward
and away from axis 1402. In the example of FIG. 14, the
horizontal drive assembly of support member 1400 1s con-
figured to position x-ray detector 104 at a distance from 6.0
inches (15.24 centimeters) to 26.0 mches (66.04 centime-
ters) from axis 1402. In other examples, other dimensions
are used. Although not explicitly mentioned with regard to
certain other examples of this disclosure, the drive assem-
blies may be present 1n such examples.

Furthermore, drive assembly 122 1s configured to lift part
carriers, such as part carrier 1404. By lifting part carrier
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1404, drive assembly 122 may align an object to be
inspected with an axis 1408 from x-ray source 102 to x-ray
detector 104. In the example of FIG. 14, drive assembly 122
1s configured to lift part carriers up to 7.0 inches (17.78
centimeters). In other examples, other dimensions are used.

FIG. 15A 1s a schematic diagram illustrating an example
CT rotation drive 1500 1n a retracted position, 1n accordance
with a techmque of this disclosure. FIG. 15B 15 a schematic
diagram 1illustrating the example CT rotation drive 1500 of
FIG. 15A 1n an extended position, 1n accordance with a
technique of this disclosure. CT rotation drive 1500 may be
an example of drive assembly 122. CT rotation drive 1500
may be 1n the retracted position when the feed assembly 1s
moving a part carrier into and out of the ispection area of
apparatus 100. CT rotation drive 1500 may be in the
extended position when a part carrier 1s 1n the mspection
area of apparatus 100 and apparatus 100 1s mspecting an
object mounted on the part carrier. When CT rotation drive
1500 1s 1n the extended position, or while CT rotation drive
1500 1s changing from the retracted position to the extended
position, CT rotation drive 1500 may rotate the part carrier
about an axis of rotation 1502.

FIG. 16 1s a schematic diagram illustrating an example
X-ray mspection apparatus 100 paired with a robotic feeding
unit 1600, in accordance with a technique of this disclosure.
In the example of FIG. 16, apparatus 100 1s configured 1n a
manner similar to that of FIGS. 8-12, and may have ring
drive 804. In the example of FIG. 16, part carriers are
removable from ring drive 804. In other examples, part
carriers are held captive within apparatus 100 but may be
removed for tooling changes. Robotic feeding unit 1600
may place part carriers onto ring drive 804 and may remove
part carriers from ring drive 804. In the example of FIG. 16,
robotic feeding umit 1600 1s a robotic arm. In other
examples, robotic feeding unit 1600 has different forms.

In some examples, robotic feeding unit 1600 1s configured
to place, 1 diflerent locations, part carriers carrying
ispected objects, depending on outcomes of analyses per-
formed by apparatus 100. For example, 1f apparatus 100
determines that an object 1s defective, robotic feeding unit
1600 places a part carrier carrying the object in one location.
In this example, 1f apparatus 100 determines the object 1s not
defective, robotic feeding unit places the part carrier carry-
ing the object 1in a different location.

FIG. 16 also shows ring drive 804 separated from appa-
ratus 100. As shown, an outer edge of ring drive 804 defines
a series ol notches (1.¢., inlets) shaped to accept part carriers.

FIG. 17 1s a block diagram illustrating an example x-ray
ispection apparatus 1700, in accordance with a technique
of this disclosure. In the example of FI1G. 17, apparatus 1700
includes an x-ray source 1702 and an x-ray detector 1704.
X-ray source 1702 and x-ray detector 1704 may be similar
in type and function to x-ray source 102 and x-ray detector
104. In the example of FIG. 17, x-ray source 1702 and x-ray
detector 1704 are disposed within a radiological shueld 1706.
Radiological shield 1706 1s shaped to define an opening
1708.

Carrier support members 1710 of a feed assembly posi-
tion a part carrier 1712 to a location aligned with opening
1708. When part carrier 1712 1s aligned with opeming 1708,
a drive assembly 1714 may lift part carnier 1712 off carrier
support members 1710. FIG. 18 1s a block diagram 1llus-
trating the example x-ray inspection apparatus of FIG. 17
when a part carrier 1s lifted into an inspection area of the
X-ray imspection apparatus, in accordance with a technique
of this disclosure. As shown 1n the example of FIG. 18, drive
assembly 1714 may lift part carrier 1712 such that an object
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1716 carried by part carrier 1712 1s positioned between
x-ray source 1702 and x-ray detector 1704.

Part carrier 1712 may include a radiological shielding
material. When part carrier 1712 1s raised in the manner
shown 1n FIG. 18, part carrier 1712 may close opening 1708,
thereby preventing x-rays from escaping radiological shield
1706 while object 1716 1s being mnspected. Thus, apparatus
1700 may include a radiological shield 1706 enclosing x-ray
source 1702 and x-ray detector 1704, the radiological shield
defining an opening, wherein when drive assembly 1714
lifts part carmer 1712, object 1716 passes through the
opening and part carrier 1712 blocks the opening to sub-
stantially prevent emission of x-rays into an environment
outside x-ray inspection apparatus 1700.

Subsequently, drive assembly 1714 may lower part carrier
1712 such that part carner 1712 again rests on carrier
support members 1710 of the feed assembly. The feed
assembly may then move part carrier 1712 away, may align
another part carrier with opening 1708, and may repeat the
process.

In some examples, x-ray source 1702 1s equipped with a
tube shutter, such as that shown in the example of FIG. 1.
The tube shutter blocks x-rays from escaping x-ray source
1702 while part carriers are not blocking opening 1708. In
this disclosure, discussion of an object blocking x-rays may
refer to completely or partially attenuating the x-rays. For
instance, the object may attenuate the x-rays to the degree
that x-rays passing through the object are not at a level
potentially harmful to humans. In this way, x-ray source
1702 may be able to remain 1n a powered on mode while
apparatus 1700 1s not capturing radiographs.

In an alternative version of the example of FIGS. 17 and
18, part carriers include support members and shield mem-
bers. In some examples, the support member of a part carrier
and the shield member of the part carrier form a right angle
to one another. Thus, the support member may be oriented
horizontally and the shield member may be oriented verti-
cally. In other examples, the support member and the shield
member may be differently arranged. The support member
of the part carrier supports the object being inspected. The
shield member includes a radiological shielding material. In
this example, drive assembly 1714 may move the support
members of such part carriers horizontally through an open-
ing 1n the radiological shield of the apparatus. When an
object mounted on a part carrier 1s in place between the x-ray
source and the x-ray detector, the shield member of the part
carrier 1s flush with the radiological shueld of the apparatus,
thereby preventing substantial emissions of x-rays from the
apparatus into the surrounding environment.

FIG. 19 1s a block diagram illustrating an example x-ray
ispection apparatus 1900, in accordance with a technique
of this disclosure. In the example of FIG. 19, apparatus 1900
includes an x-ray source 1902 and an x-ray detector 1904,
enclosed by a radiological shield 1906. Radiological shield
1906 also encloses a robotic feed assembly 1908. X-ray
source 1902 and x-ray detector 1904 may be similar 1n type
and function to x-ray source 102 and x-ray detector 104.

A Teed assembly 1910 conveys part carriers to a position
aligned with an opening defined 1n radiological shield 1906.
When feed assembly 1910 positions a part carrier (e.g., part
carrier 1912) such that the part carrier 1s aligned with the
opening, robotic feed assembly 1908 conveys the part car-
rier through the opening and positions the part carrier at an
inspection area of apparatus 1900 between x-ray source
1902 and x-ray detector 1904. A door 1918 1s configured to
cover the opening in radiological shield 1906 while appa-
ratus 1900 1s capturing radiographs of an object mounted on
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the part carrier. Subsequently, door 1918 may reopen and
robotic feed assembly 1908 may convey the part carrier back
onto feed assembly 1910.

Thus, apparatus 1900 may be an x-ray nspection appa-
ratus comprising an X-ray source, an x-ray detector, a robotic
feed assembly, and a radiological shield enclosing the x-ray
source, the x-ray detector, and the robotic feed assembly. In
this example, the radiological shield defines an opeming. The
X-ray mspection apparatus further comprises a door config-
ured to selectively cover and uncover the opening. The
robotic feed assembly 1s configured to move a part carrier
from a feed assembly, through the opening, and to a position
between the x-ray source and the x-ray detector. An object
to be inspected 1s mounted on the part carrier. The robotic
feed assembly 1s further configured to subsequently move
the part carrier back through the opening to the feed assem-
bly.

In some examples, x-ray source 1902 1s equipped with a
tube shutter 1914, such as that shown in the example of FIG.
1. The tube shutter blocks x-rays from escaping x-ray source
1902 while door 1918 1s open. In this way, x-ray source 1902
may be able to remain 1n a powered on mode while appa-
ratus 1900 1s not capturing radiographs. Apparatus 1900
may further comprise a mechanical coupling assembly 1916
between tube shutter 1914 and door 1918 such that tube
shutter 1914 blocks x-rays emitted by x-ray source 1902
when door 1918 1s open and does not block x-rays emitted
by x-ray source 1902 when door 1918 i1s closed.

Thus, 1n such examples, apparatus 1900 may include a
shutter coupled to the x-ray source, the shutter configured to
block x-rays emitted by the x-ray source while the feed
assembly 1s moving the part carrier. Apparatus 1900 may
also include a mechanical coupling assembly between the
shutter and the door such that the shutter blocks x-rays
emitted by the x-ray source when the door 1s open and does
not block x-rays emitted by the x-ray source when the door
1s closed.

FI1G. 20 1s a tflowchart illustrating an example operation of
an X-ray ispection apparatus, i accordance with a tech-
nique of this disclosure. The example operation of FIG. 20
may be performed by x-ray mspection apparatus 100 1llus-
trated 1n the examples of FIGS. 1-16. In the example of FIG.
20, a drnive assembly (e.g., drive assembly 122) may lift a
part carrier (e.g., part carrier 110) such that the part carrier
1s disengaged from a feed assembly and an object (e.g.,
object 116) mounted on the part carrier 1s positioned
between an x-ray source (e.g., x-ray source 102) and an
x-ray detector (e.g., x-ray detector 104). The feed assembly
1s configured to feed part carriers into and out of an x-ray
ispection apparatus comprising the x-ray source and the
x-ray detector (2000). Furthermore, 1n the example of FIG.
20, the drive assembly may subsequently lower the part
carrier such that the part carrier 1s reengaged with the feed
assembly (2002).

FIG. 21 1s a flowchart illustrating an example operation of
an X-ray inspection apparatus, i accordance with a tech-
nique of this disclosure. The example operation of FIG. 21
may be performed by Xx-ray inspection apparatus 1900
illustrated 1n the example of FIG. 19. In the example of FIG.
21, a robotic feed assembly (e.g., robotic feed assembly
1908) enclosed within a radiological shield (e.g., radiologi-
cal shield 1906) defining an opening, may move a part
carrier (e.g., part carrier 1912) from a feed assembly (e.g.,
teed assembly 1910), through the opening, and to a position
between an x-ray source (e.g., x-ray source 1902) enclosed
within the radiological shield and an x-ray detector (e.g.,
x-ray detector 1904) enclosed within the radiological shield
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(2100). In the example of FIG. 21, an object to be mnspected
may be mounted on the part carrier. Subsequently, the
robotic feed assembly may move the part carrier back
through the opening to the feed assembly (2102).

In some examples consistent with the operation of FIG.
21, a door selectively covers or uncovers the opening
defined in the radiological shield. When the door covers the
opening, the door blocks x-rays from exiting the x-ray
inspection apparatus through the opening defined in the
radiological shield. Furthermore, a mechanical coupling
assembly between the door and a shutter coupled to the x-ray
source may open and close the shutter such that the shutter
blocks x-rays emitted by the x-ray source when the door 1s
open and does not block x-rays emitted by the x-ray source
when the door 1s closed.

Various examples have been described. These and other
examples are within the scope of the following claims.

The mvention claimed 1s:

1. An x-ray 1imaging apparatus comprising:

an X-ray source;

an x-ray detector;

a drive assembly configured to:

l1ft a part carrier such that the part carrier 1s disengaged
from a feed assembly and an object mounted on the
part carrier 1s positioned between the x-ray source
and the x-ray detector, wherein the part carrier 1s
configured to feed part carriers into and out of the
X-ray imaging apparatus; and

subsequently lower the part carrier such that the part
carrier 1s reengaged with the feed assembly; and

a radiological shield enclosing the x-ray source and the

x-ray detector, the radiological shield defining an open-
ing, wheremn when the drive assembly lifts the part
carrier, the object passes through the opening and the
part carrier blocks the opening to substantially prevent
emission ol X-rays mto an environment outside the
X-ray 1maging apparatus.

2. The x-ray imaging apparatus of claim 1, wherein the
drive assembly 1s configured to rotate the part carrier while
the part carrier 1s disengaged from the feed assembly.

3. The x-ray imaging apparatus of claim 1, wherein the
radiological shield 1s shaped to substantially prevent emis-
s10n of X-rays into an environment outside the x-ray imaging
apparatus, without requiring opening and closing doors to
admit objects to be mspected into the x-ray imaging appa-
ratus.

4. The x-ray imaging apparatus of claim 1, wherein the
X-ray 1maging apparatus comprises the feed assembly, and
the feed assembly comprises a serpentine track.

5. The x-ray imaging apparatus of claim 1, wherein the
X-ray imaging apparatus comprises an annular ring drive
supporting a plurality of part carriers that includes the part
carriet.

6. The x-ray imaging apparatus of claim S, wherein the
ring drive rotates to feed the part carriers into and out of the
X-ray 1maging apparatus.

7. The x-ray imaging apparatus of claim 5, wherein an
outer edge of the ring drive 1s shaped to define notches
shaped to accept the part carriers.

8. The x-ray imaging apparatus of claim 1, wherein the
part carrier defines one or more holes for accepting engage-
ment members of part support members configured to sup-
port objects for ispection.

9. The x-ray imaging apparatus of claim 1, wherein the
part carrier comprises magnets arranged to mount a part
support member to the part carrier, the part support member
configured to support the object for mspection.
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10. The x-ray imaging apparatus ol claim 1, further
comprising an image processing system configured to:
determine, based on radiographs or x-ray computed
tomography (CT) data of the object generated by the
x-ray detector, whether the object conforms to a stan-

dard; and

output an indication of whether the object conforms to the

standard.

11. The x-ray mmaging apparatus of claim 10, further
comprising;

a tag reader configured to read information from an

identification tag of the part carrier; and

one or more processors configured to determine, based on

the information read from the i1dentification tag of the
part carrier, at least one of: how many radiographs to
generate to mspect the object, positioning characteris-
tics of the radiographs, exposure characteristics of the
radiographs, or the standard.

12. The x-ray imaging apparatus of claim 10, further
comprising a robotic assembly configured to place the object
at different positions depending on the indication.

13. The x-ray imaging apparatus of claim 1, wherein:

the x-ray source continues to emit x-rays while the feed

assembly 1s moving the part carrier, and

the x-ray 1maging apparatus comprises a shutter coupled

to the x-ray source, the shutter configured to block
x-rays emitted by the x-ray source while the feed
assembly 1s moving the part carrier.

14. A method comprising:

lifting a part carrier such that the part carrier 1s disengaged

from a feed assembly and an object mounted on the part
carrier 1s positioned between an x-ray source and an
x-ray detector, wherein the part carrier 1s configured to
feed part carriers into and out of an x-ray imaging
apparatus comprising the x-ray source and the x-ray
detector; and

subsequently lowering the part carrier such that the part

carrier 1s reengaged with the feed assembly;

wherein the x-ray source and the x-ray detector are

enclosed by a radiological shield, the radiological

shield defining an opening and wherein:

lifting the part carrier comprises, when the drive assem-
bly lifts the part carrier, passing the object through
the opening, and

when the drive assembly lifts the part carrier, the part
carrier blocks the opening to substantially prevent
emission of x-rays into an environment outside the
X-ray imaging apparatus.

15. The method of claim 14, further comprising rotating
the part carrier while the part carrier 1s disengaged from the
feed assembly.
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16. The method of claim 14, wherein the radiological
shield 1s shaped to substantially prevent emission of x-rays
into an environment outside the x-ray imaging apparatus,
without requiring opening and closing doors to admit objects
to be inspected into the x-ray 1maging apparatus.

17. The method of claim 14, further comprising moving
the part carrier into and out of the x-ray imaging apparatus
on a serpentine track.

18. The method of claim 14, further comprising moving
the part carrier into and out of the x-ray imaging apparatus
on an annular ring drive supporting a plurality of part
carriers that includes the part carrier.

19. The method of claim 18, wherein moving the part
carrier comprises rotating the ring drive to feed the part
carriers into and out of the x-ray 1imaging apparatus.

20. The method of claim 19, wherein an outer edge of the
ring drive 1s shaped to define notches shaped to accept the
part carriers.

21. The method of claim 14, wherein the part carrier
defines one or more holes for accepting engagement mem-
bers of part support members configured to support objects
for mnspection.

22. The method of claim 14, wherein the part carrier
comprises magnets arranged to mount a part support mem-
ber to the part carrier, the part support member configured to
support the object for mspection.

23. The method of claim 14, further comprising:

determiming, by an 1mage processing system and based on

radiographs or x-ray computed tomography (CT) data
of the object generated by the x-ray detector, whether
the object conforms to a standard; and

outputting an indication of whether the object conforms to

the standard.

24. The method of claim 23, further comprising deter-
mining, based on information read from an 1dentification tag
of the part carrier, at least one of: how many radiographs to
generate to mspect the object, positioning characteristics of
the radiographs, exposure characteristics of the radiographs,
or the standard.

25. The method of claim 23, further comprising placing,
by a robotic assembly, the object at different positions
depending on the 1ndication.

26. The method of claim 14, wherein:

the x-ray source continues to emit x-rays while the feed

assembly 1s moving the part carrier, and

the x-ray 1imaging apparatus comprises a shutter coupled

to the x-ray source, the shutter configured to block
x-rays emitted by the x-ray source while the feed
assembly 1s moving the part carrier.
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